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CIRRHOSIS AND OTHER HEPATIC LESIONS PRODUCED IN DOGS 
BY THYROIDECTOMY AND BY COMBINED HYPOPHYSECTOMY 
AND THYROIDECTOMY 

By I. L. CHAIKOFF, M.D., T. GILLMAN, M.D.,* C. ENTENMAN, Ph.D., J. F. 

RINEHART, M.D., and F. L. REICHERT, M.D. 

( From the Divisions oj Physiology ( Berkeley ) and Pathology ( San Francisco) of the 

University of California Medical School, and the Laboratory of Experimental 
Surgery, Stanford University School of Medicine, San Francisco) 

Elates 1 to 4 

(Received for publication, February 3, 1948) 

Recent investigations have so focussed interest on the importance of dietary 
factors in the experimental production of fatty and cirrhotic livers that the 
significance of endogenous mechanisms in the pathogenesis of such liver disease 
has hitherto not been fully investigated. It is of interest, therefore, to report 
that fatty and cirrhotic livers can he induced in dogs deprived of both pituitary 
and thyroid glands even though they are made to ingest a diet rich in protein 
and adequate in all other respects. 

The primary object of this paper is to present the pathological reactions en- 
countered in the livers of a. group of dogs subjected to thyroidectomy alone 
(T dogs) and to both hypophysectomy and thyroidectomy (HT dogs). 1 How- 
ever, the pathological material acquired during these experiments also provided 
an opportunity for studying the pathogenesis of two histologically distinct 
forms of hepatic cirrhosis, namely that initiated periportally and that which 
originates in relation to the radicles of the hepatic veins. The occurrence of 
these two pathologically distinct forms of cirrhosis in animals treated in an 
identical manner was regarded as unusual enough to merit comment on their 
pathogenesis, with particular reference to the relationship between long stand- 
ing fatty change and the onset of liver cirrhosis. 

EXPERIMENTAL 

The operative procedures employed for excision of the thyroid and pituitary' glands, as well 
as the care and dietary treatment accorded the dogs both before and after operation, have been 
fully described elsewhere (1-3). In all dogs with two operations (HT) the hypophysis was 

* Adams Memorial Fellow of the University of the Rltwatcrsrand, Johannesburg, South 
Africa, and Fellow of the Conner Foundation. 

1 A preliminary report on the development of drrhosis in the livers of dogs deprived of both 
pituitary and thyroid glands appeared in the Proceedings cf the Societv for Ex f 'r'rr.cr.’-t 
fiirtrgy and if cdkinr. 1943, 54, 170. ’ ' 
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removed first, and the thyroid gland was resected at variable intervals thereafter. The diets 
consumed by the animals were adequate in regard to calories, proteins, salts, and vitamins 
(1-3). The dietary treatment of all dogs and the weight changes that occurred during their 
stay in the laboratory are summarized in Tables I and IX. In all dogs with the two operations 
(HT), except HT11, appetite was lost after removal of the second gland. The exact caloric 
intake recorded for all dogs was maintained, when necessary, by forced feeding. 

The completeness of hypophysectomy and the absence of hypothalamic lesions were estab- 
lished in all dogs at necropsy. 

Thyroid eel omized Dogs (T Dogs, See Tables I and III) 

The most prominent lesion in the livers of this group of 8 animals was a pro- 
nounced fatty change. The liver cells toward the central veins were most 
severely affected, although in the majority of livers fat was visible throughout 
the lobules. Toward the portal tracts the fat tended to occur as multiple, 
varying sized, intracellular droplets, whereas in the centers of the lobules 
large single globules of fat virtually filled the cell and compressed the residual 
cytoplasm and nucleus to one side of the cell in the manner usual!}' encountered 
in very fatty livers. 

In addition to the fatty change, two other reactions of interest were noted. 
Firstly, in all of the animals an infiltration of plasma cells, lymphocytes, and 
polymorphs was observed, most frequently in the region of the central veins. 
This cellular infiltration, when marked and centrally located in the lobules, was 
often associated with a thickening and increased basophilia of the reticulum 
surrounding the individual enlarged fatty liver cells, apparently identical with 
that described by Lillie cl al. (4) and by Costero and Barroso-Miguel (5). In 
some lobules elongated fibrocytic-cell nuclei were scattered in areas having 
thickened reticular fibers. This reaction, though not regarded as cirrhosis, 
can, in the light of the evidence presented below, be regarded as heralding a 
fibrosis. The second reaction worthy of record was the occurrence of fairly 
well marked edema and cellular infiltration around the sublobular divisions 
of the hepatic radicles. 

Cirrhosis, of the severity described below, was not detected in the liver of 
any animal in this group of thyroidectomized dogs. 

Dogs willi Both Hypophysis and Thyroid Removed (HT Dogs, See Tables 

II and IV) 

Fatty changes of varying severity were observed in the livers of 8 of the 9 
dogs in this group. The livers of 4 animals were severely cirrhotic, while in 3 
other animals early fibrosis of varying severity was present; in two of these 3 
the normal lobular arrangement was for the most part retained, and conse- 
quently the changes were regarded as pre- or mildly cirrhotic rather than as 
frankly cirrhotic. 

Falls’ Change , — In 4 dogs the fat occurred as large globules in most of the 



CHMKOJT, GXLX.MAX, EXTEXMAX, RJXEHART, AXD KEICHERT 6 

jjver cells throughout the lobule. In the 4 snimnls in which some of the liver 
cells had escaped fatty metamorphosis, it was the cells toward the periphery 
of the lobules that were unaffected. Thus in Fig. 1 the dilated hepatic radicles 
are surrounded by enlarged fat-containing liver cells, while the zone of cells 
bordering on the portal tracts is rather mildly affected by the fatty change. 


TABLE I 

Dietary Treatment and Weights of Thyroideclomized Dogs 


Dogs 

1 

Condition c 

'ntervat 
>f obser- 
vation 

Dietary treatment* 

Weight ranges 

T2 

TS 




6ays 


H- 

H- 



Before thyroidectomy 

11 

30 gm, meat and 5 gm. sucrose 

7.9- 8.3 

9.6- 9.9 





per kg. per day 





After 

1-65 

Same as preoperative diet 

9.0-10.0 

11.0-12.7 



« II 

66-116 

Alternate fast (5 days) and 

9.0-10.0 

11.7-12.5 





refeeding (5-12 days) 




T 2 and 

It U 

117-236 

15 per cent of preoperative 

7.0- 9.0 

9.0-11.7 





diet 




TS 

it It 

237-394 

Alternate fast (5 days) and re- 

7.6- S.l 

9.9-10.4 





feeding (5-1 I days) I 





«« 

- — -1 

395-799 

Same as preoperative diet 1 

7.9-12.7 

9.5-13.2 

i 


• 

Before thyroidectomy 

32 

30 gm. meat and 5 gm. of sucrose 

8.5- 8.6 



T7 1 



per kg. per day 





After 

387 

Same as preoperatxve diet 

8.6- 9.8 





i’ll 


Tf2 

TU 



Before thyroidectomy 


30 gm. meat and 5 gm. of su- 

9.2- 9.6 ' 

12.4-13.0 




■Bn 

crose per kg. per day 




Tl2 and 

Alter '* 


Same as preoperative diet 

9.7-10.1 

13.2-14.6 


T14 

“ *' 

t‘>l 

Alternate fast (5 days) and re- 

10.0-11.5 

12.0-18.2 





feeding (5-7 days) 






193-1 GO 

Same as preoperative diet 

If. 2-12. 5 

11.4-18.2 





! T16 

- 

T17 

T19 

Tl6, Tl7, 

Belore thyroidectomy 

15 

30 gm. meat and 5 gm. of su- 

| 8.7- 9.0 

8.1- 8.5 

9.0-9, 2 




j crose per kg. per day 

1 




After 

300 

| Same as preoperative diet 

! 9.0- 9.2 

j 8.5- 9.4 

9.0-9. 8 


• In addition to the dietary conitilucnts listed above, each dog also received daily vitamin and salt supple- 
ments. A more detailed description of tie treatment of these doge will be found in previous publications (1.2) 


The se%’erest fatty changes were detected in those livers classified as showing 
early fibrosis, and in these cases the cellular infiltration and fibrotic changes 
described and portrayed below occurred in and around the enlarged fatty liver 
cells in the central portions of the lobules (Figs. 2 to 5). The less severe fattv 
changes were present in those livers which were quite free of fibrosis, and also 
in the most severely cirrhotic livers. 

Occasionally, in the livers free of fibrosis, round ceil and polymorphonuclear 
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TABLE II 

Dietary Treatment and Weights of Bypophyseetomised-Tliyroidectomized Dogs 


Dogs 

Condition 

Dietary treatment* 

Weight range 

Interval 

Meat 

Sucrose 




days 

Em. per do. 

y sm. per do 

y *£• 


Before hypophysectomy (H) 

73 

220 

44 

8.5- 9.1 

HT3 

After H 

58 

220 

44 

9.0-11.0 


After H and thyroidectomy 

97 

220 

44 

10.6-11.2 


Before hypophysectomy (H) 

72 

270 

54 

9.4-10.2 

HT6 

After H 

56 

270 

54 

10.0-11.2 


After H and thyroidectomy 

135 

270 

54 

11.2-15.3 


Before hypophysectomy (H) 

75 

250 

50 

8.0- 8.8 

RTS 

After (H) 

47 

250 

50 

8.5-10.3 


After H and thyroidectomy 

419 

250 

50 

10.0-16.5 


Before hypophysectomy (H) 

69 

260 

52 

8.6- 9.7 

HT10 

After H 

59 

260 

52 

9.3-11. S 


After H and thyroidectomy 

398 

260 

52 

11.5-20.6 


Before hypophysectomy (H) 

8 

180 

36 

6.0- 6.6 

HT11 

After H 

49 

180 

36 

6.6- 7.5 


After H and thyroidectomy 

374 

180 

36 

7.3-12.5 


Before hypophysectomy (H) 

36 

325 

10 

10.2-10.7 

HT1S 

After H 

36 

325 

10 

10.3-12.3 


After H and thyroidectomy 

250 

325 

10 

12.9-18.0 


Before hypophysectomy (H) 

37 

260 

10 

7.7- 7.9 

HT21 

After H 

45 

260 

10 

7.3- 8.0 


After H and thyroidectomy 

217 

260 

10 

7.6-14.5 


Before hypophysectomy (H) 

12 

270 

10 

8.3- 8.5 

HT22 

After H 

45 

270 

10 

8.1- S.7 


After Hand thyroidectomy 

311 

270 

10 

S. 8-19. 7 


Before hypophysectomy (H) 

35 

300* 

100 

6.5- 6.8 


After H 

47 

300* 

100 

6.5- 9.1 


After H and thyroidectomy 

68 

300* 

300 

8.7-12.3 

HT15 

tt a tt ti 

43 

150* 

50 

12.0-12.1 


tt ft it tt 

71 

54* 

10 

9.7-12.1 


tt tt tt tt 

36 

36* 

6 

9.0- 9.7 


it tt tt tt 

47 

150* 

50 

9.0-11.5 


it tt tt ti 

25 

0 

0 

9.0-11.5 


* In addition to the dietary constituents listed above, each dog also received daily vitamin 
and salt supplements. A more detailed description of the treatment of these dogs will be 
found in a previous publication (3). 


* Dog IITI5 received throughout ground fish instead of lean meat. 
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Do? So 

• s 

u u 
f§X 

£ rt 

■5 c 

ej 
u. az. 

0 > 

o 5 

i a 


days 

T2 F 

799 

T5 F 

799 

T, 1 

I 387 

T12 I 

too 

TH 

it 400 

TlS 

11 300 

T17 

F 300 

T19 

F 300 


TABLE HI 

Pathology of Liver of Thyroidectomived (7) Dogs 


U. 

Cl 

«S Histological fat 

*u, *5 in liver 

’£> *0 

Jr «s 

i~ >» 

«j jj 
.i tS 
►4 {* 

Hepatic fibrosis 

Hepatic cirrhosis 

* w * Uni 



432 21.5 5+; droplets and 

0 

0 

globules; PSL* 



431 22.7 2-3+ ; mainly glob- 
ules; PSL 

pateby 

0-2+ ; very patchy 
and mainly in sub- 
capsular fatty 

lobules 

0 

201 5.9 Small foci of PSL 

0 

0 

globules 



417 21.7 5+; PSL droplets 

0 

0 

and globules 



419 20.2 2-3+; mainly drop- 

I 0 

0 

lets, some glob- 
ules; PSL and 

pp: 



253 6.0 2+ ; scattered glob- 
ules; not in all 
lobes 

1+; scattered but 
mainly PP not re- 
lated to patchy 
fat 

0 

1ST 7 .8 2 +; scattered glob- 
ules not in all 
lobes 

1+; mainly in cen- 
tral fat and very’ 
patchy 

0 

252 11.5 I-5+; globules, 

0-3+; very patchy, 

0-1 +; very patchy 

much variation i 

n mainly in very 

varying marked- 

1 same section and 

fatty subcapsular 

ly in same sec- 

j in different lobes 

lobules, much var 

tion and in dif- 

1 

i i 

ration in different 
lobes and even in 
same section 

ferent tobes 


lh Side lie trad in z ej /ally ckar.it: 

1 + "• very small amounts mainly as droplets. 

2+ “ about one-quarter of lobule Involved. 

3+ — about half o{ lobule iavoUtd. 

44- m about three-quarters of lobule involved. 

54- *> virtually entire lobule Involved but cot all liver Cells with globules. 

0+ •* liver looks hie adipose tissue; almost every cell with single Urge globule of fat. 
Uisldei teal frsiiKf cj ke/sltc/^rcsit end ttrrkexis: 

1- f ** present in scatttted loci. 

2- 4 «•» about one-quarter of lobules affected. 

J+ " about half of lobulct affected. 

4+ «• alnvnt ail bbes affected. 

• I' 51. — around radicle cf the hepatic \eirs, u*u ally central cr «ul!clu!irdi',Kcrs. 

2 IT •* periportal. 


Round cell infil- 
tration in liver 


Scattered foci 

PSL 

PSL 

PSL edema 

PSL edema 

■ Scattered fod 

Foci among fatty 
cells 


Focal and especi- 
ally in subtap- 
sular areas 
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TABLE IV 

Liver Pathology of Hypophyscctomizcd-Thyroidcctomizcd ( HT ) Dogs 




Sacri- 

ficed 







Dog 

Sex 

Time after hypophysectomy 

Time after thyroidectomy 

Liver weight 

Fatty acids in liver 

Histological fat 
in liver 

Hepatic 

fibrosis 

Hepatic 

cirrhosis 

Remarks 



o 

& 

gm. 

per 

cent 





HT3 

F 

42 

97 

450 

13.7 

3-4+ ; mainly glo- 
bules; PP* 

0> 

0 

0 

HT 6 

M 

181 

135 

390 

3.9 

0 

0 

0 

PP polymorphs, round 
cells, and edema. Marked 
sinusoidal distention 

HT8 

F 

446 

419 

989 

16.2 

6+; some lobes arc 
almost fat-free 

3+; mainly 
PSL*; 
some PP 

! + 

Fibrosis greater than IfTlO 
and less than HT22 

HT10 

F 

447 

398 

1455 

30.5 

5H5+; PSL 

2+; PSL 

+ 

Fibrosis not quite as ad- 
vanced ns HT8 and more 
so than IIT22 

HTll 

F 

423 

374 

285 

12.5 

3+; patchy PSL 

3+; PP 

2+ 

Plasma cells PP; TP fibro- 
sis not related to ccntro- 
lobular fat 

HT1S 

F 

357 

310 

375 

52.5 

1-5+; very patchy 
even in same 
section 

4+ 

3+; very 
mixed PP 
interstitial 
and PSL 

Well advanced cirrhosis 
makes determination of 
pathogenesis almost im- 
possible 

HT18 

M 

296 

250 

405 

32.5 

5-64*; globules; fat- 
free patches 

4+; PSL 

3+; mainly 
PSL; some 
I’P 

Later stage than I1TS and 
IIT10 with early fibrosis 
of portal tracts 

HT21 

F 

262 

217 

39S 

14.3 

3-4+ ; PSL 

+; PSL 

0 1 

Pericentral fibrosis less ad- 
vanced than IIT10 

HT32 

F 

356 

311 

412 

11.2 

5-6-K PSL. Lobes 
vary 

4+; PSL 

i 

t 

+ 1 

'ibrosis more advanced 
than IITS but PP fibrosis 
not as marked as IIT8 or 
HT18. 


• Abbreviations as in Table III. 


leucocyte infiltrations similar to those portrayed in Fig. 5 were observed around 
the sublobular veins. 
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Early Fibrous Tissue Reactions {Precirrhosis ) The uninterrupted series of 
changes detected in different livers revealed that the final cirrhosis commenced 
as the lesion described here as early fibrosis. Such early fibrotic reactions were 
identical in all the dogs, varying only in degree of severity. The initial changes 
are those portrayed in Figs. 3 and 5. It can be seen from these photomicro- 
graphs that in the regions of the central or sublobular veins the distance be- 
tween the individual fat cells is distinctly increased. The tissue between the 
liver cells is faintly basophilic, this basophilia being due to an early thickening 
of the pericellular reticular fibers. These areas of thickened reticulum are 
dearly more highly cellular than is usual in such fatty areas, the increased 
cellularity being due to the presence of numbers of plasma cells, polymorphs, 
lymphocytes, and some fibroblasts (Fig. 3). For the most part, these in- 
flammatory cells are distributed along the thickened reticulum, but numerous 
irregularly scattered foci of these same cells are also present. Large eosino- 
philic giant cells, usually with a single large contorted nucleus, are frequently- 
scattered within, or in the neighborhood of, these cell foci (Fig. 5). The large 
number of these giant cells in the spleens of these animals (Fig. 6) suggests 
that these same cells may have infiltrated the liver by blood spread from the 
spleen. It must be added, too, that such foci of inflammatory cells are occa- 
sionally found scattered among those relatively fat-free liver cells towards the 
portal tracts. The most obvious site of infiltration of these inflammatory 
cells is around the walls of the central and sublobular branches of the hepatic 
veins, and it seems that these cells frequently occur here even when the reticular 
fibers around the fat cells are not yet obviously thickened (Fig. 5). 

The thickening of the pericellular reticular fibers and the inflammatory cell 
infiltration are shortly succeeded by an accumulation of fibroblasts with long, 
vesicular, finely chromatic nuclei, and these cells, in turn, are followed by a 
further thickening of the reticulum, this time the result of collagen deposition. 
This combined series of reactions is regarded as early fibrosis of the centro- 
lobular zones (Figs. 2 to 4). 

With the progress of this early fibrotic lesion the reticulum thickens around 
the cells abutting on this primary zone of reaction, and subsequently the 
fibrosis becomes apparent even among the midzonal fat cells. The picture 
now seen reveals the presence of dense collagen with fewer fibroblasts but with 
new blood vessels in the central parts of the lobules. Radial extensions of these 
^collagen fibers insinuate themselves among the fatty or non-fatty liver cells 
(l'ig. 2). The ccntrolobular fibrous tissue of adjacent lobules now joins, 
forming a fibrous ring enclosing a centrally located portal tract and associated 
liver tissue of several lobules (Fig. 4). 

M ith the contraction of this ring of fibrous tissue, the portal tracts are 
drawn nearer to one another and to the central zone of reaction, and some of 
the radiating fibrous tissue extends toward the centrally lying portal tracts 
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(Fig. 4). At this stage lobular distortion is initiated, and frank cirrhosis, 
which has obviously commenced around the central or sublobular veins, can 
be regarded as in progress. 

Frank Cirrhosis— As indicated in the introduction above, two pathologically 
distinct forms of cirrhosis were observed in the dogs which had both their 
thyroid and their pituitary glands resected. These two forms can be classified 
as (1) pericentral or perisublobular cirrhosis and (2) periportal cirrhosis. 

1. Pericentral or Perisublobular Cirrhosis : — Both these terms are used here 
since the central vein may not be easily detectable, but instead a larger radicle 
of the hepatic vein forms tire focus around which occurs the early fibrosis 
described above. The important point to be made is that this is a cirrhosis 
commencing around the radicles of the hepatic rather than around the portal veins. 

With the progress of the early fibrosis described above, dense collagen masses 
form in the center of the lobule, the portal tracts are drawn closer, and are 
usually passively submerged in the progressing fibrosis (Fig. 7). At this stage 
the hepatic radicles draining the subcapsular lobules are obviously fibrotic, 
and the capsule itself is drawn in so that the liver surface has a dented appear- 
ance. Such pictures are indistinguishable from those described by Ashburn, 
Endicott, Daft, and Lillie (6) in the later stages of the cirrhosis produced in 
rats by diet and toxins. These workers demonstrated conclusively by injec- 
tion of a carbon mass, that the affected veins were hepatic radicles. 

At this stage reticular thickening followed by fibrosis commences in the 
midzones of the lobules and replaces the remaining liver cells. Such midzonal 
or intralobular fibrosis (Fig. 7) hastens the obliteration of those liver cells 
which are enclosed by the fibrous ring formed by the joining-up of the fibrosing 
hepatic radicles of neighboring lobules (Figs. 4 and 14). Even in the late 
stages of this form of cirrhosis, concentric fibrosis around the portal tracts is 
unusual (compare Fig. 4 with Figs. 9 and 10, and Fig. 13 with Fig. 14). 

In the final stages of the centrolobular cirrhosis complete lobules arc re- 
placed by dense, fibrous scar tissue containing several portal tracts with their 
small atrophying bile ducts and several newly developed vessels (Fig. S). 
Ultimately the hepatic architecture is so grossly distorted and the fibrosis is 
so diffuse that it becomes impossible to determine the site of origin of the 
fibrosis. However, in the livers obtained from the dogs in this experiment all 
stages of the reaction were detected. Even in the same lobe of one liver or in 
different lobes of the same liver, considerable variations were seen in the stages 
of evolution of the cirrhosis. 

One of the striking features of the severely cirrhotic livers in this study was 
the complete absence of nodular hyperplasia and the rarity of bile duct pro- 
liferation. 

2. Periportal Cirrhosis: — Since the fibrosis, in the two livers showing this 
lesion, clearly commenced in and around the portal tracts, this classification 
seems justified (see Figs. 9 to 13). 
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The initial reaction, detected around the smallest discernible portal radicles, 
is an accumulation of plasma cells and lymphocytes with an occasional poly- 
morph around the tiny bile ducts (Fig. 12). This periductal cellukrity, to- 
gether with some thickening and edema of the periportal connective tissue, 
throws the affected tiny ducts, usually difficult of detection, into prominence 
(Figs. 9 and 10). In many instances the bile ducts themselves appear to be 
obliterated completely. Should they survive, the small portal tracts are made 
even more prominent (especially in preparations for reticulum or those stained 
with Mallory’s connective tissue stain); this greater prominence is now due to 
the fibroblasts and collagen fibers being deposited concentrically around the 
portal tracts (Figs. 10 to 12). At this stage the liver, when stained with 
hematoxylin and eosin (Fig. 9), assumes an appearance similar to that por- 
trayed by Watson and Hoffbauer (7) (cf. their Fig. UB with our Figs. 9 and 
10) and described by them as early cholangiolitic cirrhosis. 

Progress of this periportal lesion is manifest by the extension of the fibrous 
tissue radially from the portal tracts into the lobules abutting on the affected 
portal tracts (Fig. 11). These tracts are now drawn closer to one another and 
to the radicles of the hepatic veins; intralobular fibrosis also occurs, and, as 
in the perihepatic vein cirrhosis described above, the lobules are eventually 
obliterated completely by dense scar tissue (Fig. 13). 

Where extensive areas of liver are replaced by frank fibrous tissue, it is 
obviously impossible to determine the pathogenesis of the cirrhosis. However, 
the virtually complete absence in these dogs of nodular hyperplasia (usually 
encountered in severely cirrhosed livers) made the interpretation of the course 
of the lesions in our dogs very easy. Moreover, the graded series of reactions 
encountered in this experiment, in different animals and in different lobes of the 
same liver, left little doubt as to the pathogenesis of these two different forms 
of cirrhosis. 


DISCUSSION 

Our observations confirm for the dog the findings of Lillie cl al. (4) and of 
Ashbum cl al. (6) in the rat, that experimentally induced cirrhosis superimposed 
on a fatty liver usually commences and proceeds primarily around the radicles 
of the hepatic rather than of the portal veins. 

In the dogs reported on here, this ccntrolobular cirrhosis occurred in animals 
with fatty livers. This finding would seem to add support to the contention 
that one of the important factors operating in the production of hepatic cirrho- 
sis is a long standing fatty change. As early as 1938 Connor (8) stated, 
“There seems no room to doubt that long-standing fatty infiltration of the liver 
is a mechanical factor of great importance for the development of fibrous tis- 
sue ” Recently Glynn (9) and Handler and Dubin (10) have supported 

Connor’s view. This opinion is based on the fact that, no matter how the 
fatly liver is induced, whether by malnutrition, by toxins of chemical or bac- 
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terial nature (11-13), or by experimental pancreatectomy (14), cirrhosis is a 
frequent sequel. 

F rom Tables III and IV it is clear that hepatic fibrosis of varying severity 
was detected in the livers of 4 thyroidectomized dogs and in 7 of the animals 
with the two operations (HT). In the latter group, frank cirrhosis of varying 
severity was diagnosed in 6 animals, while in only one of the thyroidectomized 
dogs (T19, Table III) was the fibrotic reaction sufficient to result in the lobular 
distortion which we have taken as an essential requisite for the distinction 
between hepatic fibrosis and frank cirrhosis. Comparison of Tables I and II 
reveals, furthermore, that in none of the thyroidectomized dogs was the fatty 
acid content of the liver greater than 22.7 per cent, whereas in several of the 
hypophysectomized and thyroidectomized dogs (HT) the fatty acid content of 
the livers was above 30 per cent and in one (IIT15) it was 52.5 per cent. From 
a study of the chemically determined degree of fatty change, it is clear that, 
even among the HT dogs, no correlation can be established between the extent 
and severity of the hepatic fibrosis and the amount of fatty acid in the liver 
(Table IV). 

It would seem from the findings in HT15 and HT18 (Table IV) that severe 
fatty change was associated with the most advanced cirrhosis. However, 
HT10, with a fatty liver of equal severity to that in IIT IS, had a much milder 
fibrosis and lobular distortion than the latter. These findings, together with 
the fact that HT22 (Table IV) with much less fat than either of those animals, 
had a fibrosis and cirrhosis more marked than did HT10 and almost as severe 
as in HT18, negate any attempt at correlation between severity of the fatty 
change and the onset and development of hepatic fibrosis. 

Further, comparison of dog T12 (Table III) with dogs HT 8, H Til, and 
IIT22 (Table IV) or of dogs T12 and T14 (Table III) with dog T19 (Table 
III) makes even clearer our inability to predict, on the basis of the degree of 
fatty change, whether fibrosis or cirrhosis could be anticipated in histological 
sections of any liver. 

Other evidence in support of the view that the fatty change is not alone 
responsible for stimulating fibrous tissue reactions in the liver is forthcoming 
from another study. As will be shown there, even the centrolobular cirrhosis 
described here has been observed in non-fatty livers (15). Moreover, of the 
two pathogenetically distinct forms of hepatic cirrhosis encountered in HT dogs, 
the centrolobular cirrhosis clearly occurred within the fatly liver lobules 
whereas the periportal fibrosis, observed in the livers of two animals, bore no 
detectable relation to the presence or absence or to the location of the fatty 
change. Thus in dog IIT11 (Table IV) the fat content of the liver was rela- 
tively low, as judged by chemical and histological procedures, and the fibrotic 
reaction occurred in the non-fatty zones of the liver lobules (see Figs. 9 to 12.) 

Whatever the final explanation of the Jack of consistent correlation between 
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the fatty change in the liver and the onset of fibrosis, in our dogs, we wish to 
suggest that the presence of long standing fatty change is not alone responsible 
for the onset of cirrhosis. The most that can be said at this stage is that 
severe fatty change around the central veins may facilitate the evocation of 
centrolobular cirrhosis. 

Several other interesting facts emerge from the data accumulated in this 
study. Firstly, two pathogenetically distinct forms of fibrosis were detected 
in the dogs with both operations, even though they were subjected to the same 
experimental procedures. This rather unexpected finding indicates that the 
factors determining the localization of fibrous tissue reactions in the liver are 
still quite obscure. 

Secondly, the incidence of severe fibrosis (amounting to cirrhosis) was far 
more frequent among the dogs with the two operations than among the animals 
deprived only of the thyroid. HT3 and HT6 (Table FI 7 ) were the only dogs 
with the two operations that did not develop hepatic fibrosis. This can 
probably be ascribed to the short time which had elapsed between the removal 
of the second gland (thyroid) and examination of the liver. 

The removal of the hypophysis- would seem to have hastened the onset and 
rate of progress of fibrosis in the livers of our hypophysectomized-thyroidecto- 
mized dogs. Thus, severe fibrosis could be detected as soon as 250 days after 
the second operation in one dog (HT18, Table II), whereas in animals from 
which the thyroid alone was removed similar degrees of fibrosis were not 
present even after 300 days. Furthermore, the most severe fibrosis among the 
thyroidectomized dogs occurred in T19 (Table I) 300 days after removal of 
the thyroid, whereas a more severe and more extensive fibrosis was encountered 
within 250 to 300 days after thyroidectomy in dogs from which the pituitary 
had been previously removed. 

The above considerations suggest that the presence of the pituitary in some 
manner inhibits cirrhosis-inducing factors from operating in the thyroidecto- 
mized dog. 

Another fact emerging from this investigation is that both types of cirrhosis 
described here, which have usually been attributed solely to exogenous causes, 

5 Fibrous tissue proliferation has been sho-.vn to occur in the livers of hypophysectomized 
dogs by Gracf e! al. (16) and by Chaikoff el al. (17). The findings of the latter investiga- 
tors differ somewhat from those of Gracf el al. in that the development of the fibrous tissue 
was not preceded by an increase in the fat content of the liver. Gracf el al. concluded that 
hypophyscctomv had little if anything to do with the hepatic lesions and that the hypothala- 
mic lesions seemed to have a pivotal r61c in the hepatic changes. Careful histological studies 
o! the hypothalamic regions in our own hypophysectomized animals (17) by serial-section 
failed to reveal any evidence of damage to this important center. This fact, together with the 
absence of fat from the livers of our hypophysectomized dogs (17), indicates that the patho- 
genesis and jwssibh the etiology of the hepatic fibrosis in our hypophysectomized animals 
differed somr-a hat from those described by Gracf el c'.. 
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can be induced by metabolic disturbances following surgically imposed endo- 
crine deficiency. This evidence indicates that the endocrine disturbances 
known to occur in association with liver disease and chronic malnutrition 
deserve more attention than they have previously received in studies directed 
at the elucidation of the mechanisms involved in the production of hepatic 
cirrhosis. 


SUMMARY 

1. The reactions of the dog’s liver to ( a ) thyroidectomy and ( b ) both hy- 
pophysectomy and thyroidectomy are described. 

2. Fatty changes of varying severity were detected in 8 of the 9 hypophysec- 
tomized-thyroidectomized dogs, hepatic fibrosis in 7, and severe cirrhosis in 4 
animals of this group. 

Among the thyroidectomized animals histologically demonstrable fatty livers 
were present in all 8, mild fibrosis was observed in 4, while early and mild 
cirrhosis was diagnosed in only one dog. 

3. Two pathogenetically distinct forms of cirrhosis were present in the livers 
of dogs with the two operations, namely (a) cirrhosis initiated and developing 
around the radicles of the hepatic veins, and (b) periportal cirrhosis. 

Both forms of cirrhosis occurred in dogs that were subjected to the same ex- 
perimental procedures, and both forms could be found in the same liver. 

The pathogenesis of these two forms of cirrhosis is described. 

4. The relation between fatty change in the liver and the genesis of fibrosis 
is discussed, and it is suggested that, while fatty change may facilitate the 
evocation of cirrhosis, this reaction on the part of the supporting and vascular 
elements of the liver is not solely dependent on the fatty change in the liver 
cells. 

5. The relation between the endocrines and hepatic cirrhosis is discussed. 
Since cirrhosis was slight in the fatty livers of thyroidectomized dogs, whereas 
it was often advanced in hypophysectomized-thyroidectomized dogs, it is sug- 
gested that in the absence of the pituitary cirrhogenic mechanisms arc facili- 
tated in the dog. 
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, EXPLANATION OF PLATES 
Plate 1 

Fig. 1. Section of liver of dog HT21 deprived of both pituitary and thyroid glands 
for 217 days. Note small portal tract in center surrounded by virtually fat-free 
liver cells. The three radicles of the hepatic veins are surrounded by very fatty liver 
cells indicating the centrolobular location of the fatty change. Note also some edema 
and cellular infiltration around the hepatic radicles. Hematoxylin and eosin. X 47. 

Fig. 2. Section of liver of dog HT10 deprived of both pituitary and thyroid glands 
for 398 days. Depicting early fibrotic changes (precirrhosis) among fatty cells in 
centrolobular area. Note that the small centrally located portal tract does not show 
any thickening or cellular infiltration. Hematoxylin and eosin. X 47. 

Fig. 3. Section of liver of dog HT10. Showing towards top and at left initial 
changes heralding precirrhosis in the centrolobular fat. The inter- and pericellular 
reticular fibers are thickened. There is an infiltration of round cells, polymorphs, 
and a few fibroblasts around and near the longitudinally sectioned hepatic radicle at 
left. The small portal tract at the bottom right of the picture shows no signs of 
fibrosis. Hematoxylin and eosin. X 9S. 

Fig. 4. Section of liver of dog HT10. In this section the centrolobular fibrosis 
has progressed beyond that shown in Fig. 2. Collagen fibers have now been laid 
down in the region of the initial reaction within the centrolobular fat. In addition the 
fibrosis around the individual central or sublobular vessels is now becoming linked 
with that in the neighboring lobules (early cirrhosis). There is at this stage some early 
fibrotic reaction around the portal tract lying in the center of the area delineated by 
the linking of the perihepatic fibrous tissue bands. Hematoxylin and cosin. X 54. 










Plate 2 

Fig. 5. Section of liver of dog HT10. High power view of early reaction near cen- 
tral vein to show round cell and polymorph infiltration preceding early fibrosis. 
Large giant cells such as that seen toward the top right corner of this picture arc com- 
monly encountered in these early reactions. Hematoxylin and cosin. X 190. 

Fig. 6. Section of spleen of dog HT 10. The large numbers of giant cells in the spleen 
of this animal, whose liver is portrayed in Fig. 5, and the fact that the splenic giant 
cells are morphologically identical with those in the liver suggest that the hepatic 
giant cells may have originated in the spleen. There is only one contorted nucleus in 
these giant cells. Hematoxylin and eosin. X 140. 

Fig. 7. Section of liver of dog HT1S deprived of both pituitary and thyroid glands 
for 250 days. A later stage in the progress of the centrolobular or perihepatic vein 
fibrosis. The early fibrosis depicted in Figs. 2 and 4 has progressed to dense, well 
marked fibrosis with lobular distortion (cirrhosis). Earl)' fibrosis has begun above 
and to the right of the almost centrally located portal tract. This latter intralobular 
fibrosis begins within the lobule around the fatty liver cells in the same manner as 
depicted in the centrolobular region in the figures above. Hematoxylin and cosin. X 
75. 

Fig. S. Section of liver of dog HT IS. Stage subsequent to that depicted in Fig. 7, 
showing terminal obliteration by fibrous tissue of an area (as shown in Fig. 4) de- 
lineated by the early linking of pcrisublobular fibrosis. Hematoxylin and eosin. X 47. 









Plate 3 

Fig. 9. Section of liver of dog HT11 deprived of both pituitary and thyroid glands 
for 374 days. The small and medium sized portal tracts have become prominent by 
virtue of the periportal cellular infiltration and thickening. Note that this early 
periportal reaction is occurring despite the virtual freedom from fat of these portal 
tracts. This is regarded as an early stage in the pathogenesis of portal cirrhosis. 
The initial lesion here is clearly periportal. Hematoxylin and eosin. X S3. 

Fig. 10. Section of liver of dog HT11. Demonstrating the increase in collagen 
fibers around the small portal tracts of the liver depicted in Fig. 9. Mallory’s con- 
nective tissue stain on another section from the same liver as that depicted in Fig. 
9. X 41. 

Fig. 11 . Section of liver of dog HT11. Later stage in the pathogenesis of peri- 
portal cirrhosis showing increased fibrosis around portal tracts with early extension 
of fibrous tissue among the liver cells abutting on the affected portal tracts. This is 
another lobe of the liver depicted in Figs. 9 and 10. Mallory’s connective tissue stain. 
X 75. 

Fig. 12. Section of liver of dog HT1 1. The concentration of plasma cells and poly- 
morphs around the bile duct rather than around the hepatic artery or portal vein in 
this small portal tract is clearly shown. From same liver as depicted in Figs. 9 to 11. 
Hematoxylin and eosin. X 330. 










Plate 4 


Fig. 13. Section of liver of dog HT11. Another lobe of same liver as that depicted 
in Figs. 9 to 12, showing here a later stage in periportal cirrhosis with severe involve- 
ment of parenchyma by the fibrous tissue extending from the densely fibrotic portal 
tracts seen on both the right and the left of the picture. Note, at bottom center, the 
dense concentric fibrosis around the small portal tract (a prominent finding in this 
type of cirrhosis) and compare with the relatively unaffected portal tracts, of similar 
size, in livers with the perihepatic radicle fibrosis in Figs. 2, 4, 7, and 14. Mallory’s 
connective tissue stain. X 140. 

Fig. 14. Section of liver of dog HT15 deprived of both pituitary and thyroid glands 
for 3 10 days. Late stage in perihepatic radicle fibrosis showing dense fibrosis in later- 
ally located hepatic radicles with extension of fibrosis into the parenchyma enclosed 
within fibrous “ring” (see fig. 4). Note that the centrally located portal tract shows 
relatively little reaction or thickening in this liver as compared with the periportal 
changes depicted in Figs. 9 to 13. Mallory’s connective tissue stain. X 125. 
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A PARTICULATE BODY ASSOCLATED WITH EPITHELIAL CELLS 
CULTURED FROM MAMMARY CARCINOMAS OF MICE 
OF A MILK-FACTOR STRAIN* 

By KEITH R. PORTER, Ph.D., and H. P. THOMPSON, M.D.f 
(From the Laboratories of The Rockefeller Institute for Medical Research ) 

Plates 5 to 7 

(Received for publication, March 5, 1948) 

The occurrence of mammary tumors in mice has been shown to be influenced 
by a transmissible agent, by an inherited tendency to develop breast cancer, 
and by hormonal stimulation of the gland tissue. Since the initial report of 
the existence of an extrachromosomal factor (1) and the demonstration by 
Bittner of its presence in the milk (2), many investigators have sought a defini- 
tion of its mode of action, its transmission, and its character. Their results 
have shown the agent to have many of the characteristics of a virus (3-5). In 
order to define the nature of the agent more precisely, attempts have been made 
to study it with the electron microscope. At the time of this writing, we are 
aware of only two previous accounts of such efforts. Graff el al. (6) have ex- 
amined the ultracentrifugate of milk of high-cancer and low-cancer strains of 
mice. In a brief note they report that the high cancer strain milk contains a 
“heavy particle” which “has virus-like dimensions.” Passey cl al. (7) made 
water extracts of desiccated normal and malignant breast tissue from mice of 
high- and low-cancer strains. In micrographs of material from high-cancer 
strains they found a particulate component about 200 A in diameter which, 
they Tcport, was not present in extracts of tissue from low-cancer strains. 
Both of these observations, the latter more than the former, are subject to the 
criticisms that the agent may be greatly altered by the preparation procedures 
and may be easily confused in microscopy with particulate elements present 
in the cytoplasm of all cells. A study of the cells themselves would be less 
subject to these criticisms and might, moreover, give some information on the 
mode of reproduction of die agent and its relation to die tissue cells. 

Kadicr reports from this laboratory have disclosed the suitability of cultured 
cells for electron microscopy (8) and have demonstrated that the method can 
be used not only for die study of new cvtological detail (9) but can be applied 
as well to the identification of viruses in or on cells (10) and to the study of the 
special cvtological features of malignant cells (11). It seemed worth while to 

Aided in part by a prant from the American Cancer Society on the recommendation 
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use similar techniques in an investigation of the cells from mammary tumors of 
the mouse. The following is a report of the initial efforts. 

Materials and Methods 

The cells for study were grown from explants of both spontaneous and transplanted tumors. 
In all, four spontaneous and two transplanted tumors have been used. The former originated 
in female mice of the high-tumor strain C3H, a strain in which the milk factor is known to be 
operative; the latter were fifth generation transplants of a spontaneous tumor 1 that also; 
arose in a C3H mouse. All tumors were typical adenocarcinomas of the mammary gland 
that is to say they had the character of the growths known to be determined by the milk 
factor. 

Cultures were prepared on formvar-coated slide inserts in roller flasks by methods de- 
scribed already (8). The explants were placed in shallow clots made up of equal parts of 
nutrient and chick plasma diluted 1 :4 with Tyrode’s solution.' The nutrient was composed 
of S parts Tyrode’s, 3 parts human cord serum, and 2 parts chick embryo extract. Each set 
of cultures was made with tumor tissue from a single animal, and successive sets were sepa- 
rated by intervals of 2 weeks or more. Different lots of cord serum, plasma, and embryo 
extract were used on each set. When, after a few days of culturing, small sheets of epithelial 
cells were obtained, the explants were removed, the remaining cells were washed briefly in a 
slow stream of Tyrode’s (pH 7.4) and then placed in the vapor of osmium tetroxide for fixa- 
tion. After periods over OsQj, varying from 2 to 24 hours, the cells were mounted on screens 
and dried for electron microscope examination. All the micrographs were taken with an RCA 
(type E.M.U.) instrument. 2 


OBSERVATIONS 

The culture conditions of the experiments seemed adequate, since within 2 
days of culturing most of the explants showed surrounding sheets of epithelial 
cells. These continued to spread during the 3rd and 4th days, at the end of 
which time they were usually fixed. Occasionally the cells of an epithelial 
sheet were observed to cytolyze rather suddenly to be replaced later by a new 
growth. 

A typical epithelial sheet is shown in Fig. 1. It is apparent that many of 
the cells are thinly spread and hence satisfactory for electron microscopy. 
Only small portions of a cell can be micrographed in any one exposure, so most 
of the illustrations include only a minute area approximating that outlined 
(A) in Fig. 1. 

The electron microscope examination of preparations of the epithelial sheets 
had not gone far before it was observed that numbers of a small, apparently 
spherical particle were associated with some of the cells (Fig. 4). The charac- 
teristic density and morphology of these particles set them off from the normal 
cytoplasmic components (Figs. 5 and 7). In some cells they lay scattered in 

1 Designated as Law 916. 

5 The microscope was generously loaned to the project by Dr. R. M. Taylor, Director of 
the lalioratories of the International Health Division of The Rockefeller Foundation. 



KEITH R. PORTER AJvD H. P. THOMPSON' 


17 


small numbers (Figs. 4 and 5) while in others they literally packed the cell 
(Fig. 3). 

Thus far in the material examined, the particles have been found associated 
only with epithelial cells or fragments of these cells. They can be seen in all 
parts of the cell and are not especially abundant nearer any particular com- 
ponent of it. Occasionally they appear to be within the endoplasmic strands 
and mitochondria (Figs. 4 and 5), and a few micrographs have shown them 
in the area of the nucleus (Fig. 3). It is difficult, however, to be certain whether 
they are actually within these structures or merely superimposed, the latter 
relationship seeming more probable in the case of the nucleus. Figs. 4 and 5 
depict the more ordinary random association, and micrographs such as these 
show that the particles are generally situated in the ectoplasmic substance of 
the cytoplasm which, in these well extended cells, forms a thin layer between 
the membranes. 

Small patches of cell membrane, sometimes with great numbers of particles 
on them, have been frequently found (Fig. 7). Evidently, while being washed 
prior to fixation, the cell proper was removed by the stream of Tyrode’s and 
only portions of the membrane next to the formvar remained. The presence 
of the particles on such fragments indicates that in the intact cell they were 
located just within the cell membrane. Preparations of this sort are partic- 
ularly valuable for good microscopy, since there is no overlying membrane 
and but little cytoplasm around the particles to scatter electrons and thereby- 
reduce the definition. Similar fragments of cell membrane and other portions 
of the cell, probably products of natural cytolysis, have also been observed 
with associated particles, sometimes great numbers of them. Fig. 2 shows the 
particles definitely located on the cell surface. The significance of this obser- 
vation is lessened, however, by the possibility that the cell may have ruptured 
in tliis region, releasing the particles shown. 

The particles themselves are remarkably constant in character (Figs. 2 to 
7). Their form appears to be spherical. Close examination of the micro- 
graphs (Figs. 4 and 6) reveals that most of them have a dark or dense center 
that is quite sharply defined and set off from a less dense, capsule-like periphery'. 
This double structure is probably accentuated by OsCh fixation and may be 
consequent on the more osmiophilic properties of the central substance. In 
electron micrographs of gold-shadowed preparations it is possible in some cases 
(Fig. 5) to note that the central dense portion protrudes above a flattened 
border. Tliis suggests that in desiccation the outer zone dries down more than 
the central part of the particle. 

The diameter of the central, dense core is fairly constant from particle to 
particle and averages approximately 75 mp (Text-fig. 1). The over-all dimen- 
sion is more variable and averages about 135 mp. Measurements on shadowed 
material indicate that the height of the dried particle is approximately one-half 
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the width. This is taken to mean that some flattening of the spherical form 
results from drying. The greater variation shown by the outside diameters 
(Text-fig. 1) is doubtless due in part to the fact that they are often poorly 
defined and not so accurately, measurable. There is a suggestion in these 
findings as well that this portion of the particle is readily distorted, as if it 
were less rigid or viscous than the core. 

The particles may occur singly, in pairs, or in clumps of all sizes. Some 



Text-Fig. 1. Histogram to show size distribution of particles. It was constructed from 
23S measurements of the diameter of the inside dense portion of the particle and 303 measure- 
ments of the over-all diameter. The values of these two average approximately 75 mu and 
130 nm respectively. 

groupings are of special interest. In Fig. 6 (A), for example, one can sec at 
least two rosette arrangements formed by a single row of granules surrounding a 
central, unusually large particle. Clusters of four bodies, two large and two 
small, as in Fig. 7, are fairly common. It should be mentioned also that some 
of the unusually large particles look as if compound in structure; i.c., composed 
of two, four, or more parts within a single capsule. The larger of such en- 
capsulated” clumps may have diameters almost double that of the average 
particle. Whether such special groupings of particles arc stages in the re- 
production of the typical form will have to be determined by further study. 
For studies of this type, the cultured material is especially favorable because 
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the particles are left relatively undisturbed and still associated with the tissue 
cell in which they are presumably multiplying. 

Table I lists the origins of the material examined and shows the observed 
occurrence of the particles. It will be noted that in the preparations obtained 
from three out of six experiments none of the special sort described has been 
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IV 
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i 0 


V 

Dec. 4 

Spontaneous 

1.5 X 1 X 1 cm. 

6 

<< 

3-S 
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s: 14 

i 0 


VI 

Dec. 12 

Spontaneous 

1 X 0,7 X 0.7 cm. 

5 

i 

i 

it 

3-4 

5, 4< 

1 

>25 

I 

Isolated to abun- 
dant 


Ljun 916, transplantable adenocarcinoma that arose spontaneously in a high-tumor 
strain C t H mouse. 

♦ Mammary tumor incidence approximately 90 per cent. 


found, litis docs not prove that none was there, it means only that none 
was encountered during a moderately extensive examination of the screens. 
In the single preparation of transplanted tumor cells in which the particles 
were noted they were found only over a small area of the screen, in connection 
with a few cells. Screens from Experiment III (Table 1), on the other hand, 
showed cells earning great numbers of particles. Most of the illustrations 
were taken from this material. Particles were likewise more generally present 
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and abundant in the preparations of Experiment VI. Thus in these very 
limited studies the cells from spontaneous tumors derived from high tumor 
incidence C3H mice have more commonly shown the granules than have those 
from transplanted tumors of similar derivation propagated in such mice. 

DISCUSSION 

These studies have disclosed the frequent presence in mouse mammary 
tumor cells of a particulate body, having a fairly uniform size, density, and 
morphology. Though similar in size, and possibly in other respects, to some 
normally occurring cytoplasmic granules (11), these particles are sufficiently 
different from the latter to give the impression of being special entities. Their 
uniform morphology, their association in closely packed clumps, as well as 
their irregular occurrence in tumor cells are especially significant as features 
distinguishing them from normal components of tire cell. These same features 
make it seem probable that they are of extraneous origin and that they may 
be a virus. 

The double structure shown by the particles cannot be explained as merely' 
the image of a spherical body of uniform density. The latter, in an electron 
micrograph, would also show a relatively dark central portion, but its density' 
should grade off gradually toward the periphery instead of suddenly altering 
to give a much lighter outer zone. Though evidence is lacking for any' accurate 
interpretation of this finding, it does suggest the existence of a nuclear-like 
body surrounded by' an envelope or capsule of different character. Electron 
micrographs of the viruses of equine encephalomyelitis (12), influenza A and B 
(13, 14), and vaccinia (15) have shown them to possess a similar complexity'. 

The variation in size recorded in the histogram (Text-fig. 1) is doubtless the 
reflection of a number of factors. Inaccuracy' of measurement due to poor 
marginal definition will account for some of it; but the readily discernible 
differences in the diameter of the particles pictured make it clear that much of 
the variation is significant. As mentioned above, extremely large bodies have 
been seen that apparently consist of several small granules within a single 
“capsule.” Possibly such large units are actually' clusters of several small 
entities that have had their origin from a single particle. Conceivably', these 
small entities might enlarge to form separate particles of average size arranged 
around a primary one as in the rosettes shown in Fig. 6. 

The most obvious, and for the moment, important question arising from 
these observations is whether or not the particles represent the milk agent of 
the mammary' tumors. At present, there appears to be no simple and direct 
way of determining this; it will be necessary', instead, to gather evidence 
tediously' through a comparison of tumor cells obtained from growths prcstim- 
ably carrying the milk agent with cells from the mammary tumors of agent- 
free animals. Such a study is in progress. Meanwhile, it may not be amis* 
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to consider the facts which favor identification of the particles with the milk 
agent. Numerous preparations of other cells from different species of animals, 
cultured in the same media as these mammary tumor cells, have not shown 
any particles of like appearance. It follows that they cannot have derived 
from the media. Secondly, in this connection, it seems significant that the 
particles are associated only with the epithelial cells of the cultures. Fibro- 
cytes observed in the same preparations appear not to carry them. Other 
cell types from the mouse and from other species have been examined over the 
last 2 or 3 years, and no granules of precisely the same character have been 
encountered. 

In view of these considerations and the fact that the cells were derived from 
tumors that arose in a high-tumor strain, it seems reasonable to assume tenta- 
tively that the particles are in fact the milk agent. In making this assumption 
we are aware of the possibility that the cells showing the particles may have 
come from tumors carrying an intercurrent virus. In this connection attention 
should be called to the tremendous difference in size between the particles 
reported upon here (1350 A) and those observed by Passey el al. (7) in electron 
micrographs of material from mouse mammary tumors. In water extracts of 
tumors presumably carrying the agent these investigators found “approxi- 
mately spherical particles about 200 A in diameter” whereas in extracts of 
agent-free tumors nothing of the sort was observed. It is difficult to believe 
that this difference could be entirely a product of different preparation tech- 
niques. But further speculation may best be postponed until such time as 
Passey and his collaborators have tested the activity of their extracts and until 
the present studies of cultured cells have been extended to control material. 

The electron microscope as a means for detecting intracellular inclusions is 
far from infallible, and unless the particles now under consideration are present 
in significant numbers or in clumps, they could be easily overlooked. This 
might account for their apparent absence in preparations made from some of 
the tumors, notably the two transplanted tumors studied. Yet it is possible 
that their scarcity in preparations from these latter represents a genuine 
scarcity. If so, the observation would tie in with some observations of Bamum, 
Ball, and Bittner (16) that tire agent in transplanted tumors does not give as 
high a titrc as in the spontaneous tumors. 

It will be noted in Tabic I that in one set of preparations studied the particles 
appeared in the cells in tremendous numbers. The mouse from which these 
cells came was lactating at the time, and possibly this condition was attended 
by a multiplication of the agent. Conceivably also, the cells, if harvested an 
hour or two earlier, might have shown far fewer particles, whereas a little later 
they might have been destroyed. 

Finally, it should be mentioned that a significant gain from these studies 
and our examination of normal cells, has been the experience needed for the 
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recognition of virus-like bodies associated with, tissue cells. As one acquires 
the ability to discriminate the unusual or abnormal, the prospect develops that 
yet more pathological material can be examined with profit. 

SUMMARY 

Epithelial cells from spontaneous and transplanted mammary adenocarci- 
nomas developing in high-tumor strain C 3 H mice have been grown in vilro 
and studied with the electron microscope. In preparations from three out of 
six tumors, an unusual particulate body has been found associated with the 
cells. The particles appear to have a spherical shape and a double structure 
consisting of a dense center and less dense outer zone. The diameter of the 
central dense portion is fairly uniform from particle to particle, averaging 
approximately 75 m/x; whereas the outside, whole particle diameter is more 
variable and averages about 130 mp. From the micrographs it would appear 
that these peculiar virus-like bodies are situated chiefly in the ectoplasmic 
portion of the cell. They may occur singly, in pairs, or in clumps of varying 
sizes. Cells containing great numbers of the particles show signs of degenera- 
tion, and cell fragments are frequently encountered with many particles on 
them. 

So far, the particles have been found only in association with the epitlieli.nl 
cells of the cultures. They are apparently not derived from tire culture media. 
All in all the findings are consonant with the view that the particles represent 
the milk agent. Further evidence for or against this assumption is being 
sought from a study of cells from normal tissue and tumors demonstrated to 
be agent-free. 

We are greatly indebted to Dr. Lloyd Law for his stimulating interest and the requisite 
material. It is a pleasure to acknowledge as well the technical assistance of Margaret Carr 
and Julia Hine. 
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EXPLANATION OF PLATES 
Plate 5 

Fig. 1. Photomicrograph of a typical sheet of epithelial cells grown from a spon- 
taneous tumor explant. It illustrates the type of material that is suitable for electron 
microscopy. Small areas of approximately the size outlined (A) can be included in a 
single micrograph and the other figures are electron micrographs of such cell portions. 
The vacuoles are without significance in the present study. Taken from a 2-day-old 
culture, fixed in saline-formalin and stained with hematoxylin and cosin. X 20 0. 

Fig. 2. Electron micrograph of a portion of a cell margin showing particles attached 
to the edge of the cell and to pseudopodia projecting from the cell. At the bottom 
of the micrograph is the cell body. It is possible that the particles on the outside 
have been released from the cell through disruption of the membrane. It is to be 
noted that outside as well as inside the cell the particles possess a double structure 
which may be taken to indicate that the “capsule” is an integral part of the particle. 
Preparation made from 4-day-old culture of a spontaneous mammary tumor cxplant, 
fixed over vapor of OsC >4 24 hours. X 14,000. . 

Fig. 3. Electron micrograph of a portion of a thick cell selected because it showed 
better than any other cell encountered in the preparation how gross the infection of 
particles may become. The large dark area outlined in white and shaped like a 
quadrant of a circular disc, which can be seen at the lower right-hand corner of the 
picture is part of the nucleus of the cell. The many particles which can be seen in 
this area may or may not be within the nucleus. Probably, as indicated by the 
definition of the image, they are between the cell and the nuclear membranes. Prep- 
aration from a 4-day-old culture of a spontaneous mammary tumor cxplant, fixed IS 
hours over vapor of Os0.j. Shadowed with gold at an angle of 10°. X 12,500. 
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Plate 6 

Figs. 4 and 4 a. Electron micrograph of a small area of an epithelial tumor cell 
from a spontaneous C3II mammary gland carcinoma growing in culture. Fig. 4 u 
is a descriptive diagram of a portion of it. The particles occur singly or in clumps of 
various sizes and arc scattered about without apparent association with any particular 
cytoplasmic component. The relatively large mitochondria lie amidst strands of 
the endoplasmic reticulum. The upper cell membrane seems to be intact. Ap- 
parently the particles arc situated in the ectoplasmic substance between the cell 
membranes. Some of them can be seen to show a central density and a peripheral 
“capsule.” Preparation from a 4-dav-oId culture of a spontaneous mammary tumor 
explant, fixed IS hours over vapor of OsO«. X 17,000. 

Fig. 5. Electron micrograph of a cell similar to that shown in Fig. 4, demonstrat- 
ing bv means of gold shadowing the three dimensional form of the dry particle ron- 
tained in a cell. It can be seen that they have not dried down as much as the sur- 
rounding material and hence project up through the cell membrane, casting gold-free 
shadows. The mitochondria and strands of the endoplasm have flattened in drying. 
Some of the particles appear to be within the strands of endoplasm but may actually 
be superimposed. Preparation made from 4-day-old culture of a spontaneous mam- 
marv tumor explant, fixed IS hours over vapor of OsO,. Shadowed with gold at an 
angle of 10'. X 17,000. 
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Plate 7 

Fig. 6. Electron micrograph showing several clumps of virus-like particles. These 
were found in a cell of a small epithelial sheet from an explant of a transplanted 
tumor. It can be noted that the individual particle has a dense center and a les- 
dense periphery, and that there is a distinct variation in size. Curious rosette ar- 
rangements of some of the particles are indicated by (A). Preparation from a 7-davs 
old culture, fixed over vapor of Os0.i 20 hours. X 21,500. 

Figs. 7 and 7 a. Electron micrograph of a cell membrane with particles attached 
and descriptive diagram of a portion of it. During the preparation of the cells for 
fixation, the superficial part of the cell was washed away, leaving merely a small 
portion of the membrane next the formvar. One margin of this fragment runs across 
the upper left-hand corner of the picture, and its other edge across the lower right- 
hand corner. The finely granular background is the inside surface of the cell mem- 
brane. Presumably its granular character is due to structural units of the membrane 
or to adsorbed macromolecules. The line with the deep shadow to the right is the 
real edge of the cell and the full thickness of the latter can be seen extending upward. 
In this triangular lighter area both membranes are present. The virus-like particles 
are the larger white bodies. They stand up approximately spherical and cast long 
shadows. The numerous smaller and flatter biscuit-shaped bodies arc vesicles of the 
cytoplasmic endoplasm such as arc commonly seen in normal cells. 

It can be noted that the shadowed particles show considerable variation in size. 
The indicated arrangement of two small and two large particles has been observed in 
other micrographs. 

Preparation made from a 4-day-old culture, fixed 18 hours over vapor of OsOi. 
Shadowed with gold at an angle of 10°. X 20,000. 
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THE PHENOMENON OF IN VITRO HEMOLYSIS PRODUCED BY 
THE RICKETTSIAE OF TYPHUS FEVER, WITH A NOTE ON 

THE MECHANISM OF RICKETTSIAL TOXICITY IN MICE ... 

By DELPHINE H. CLARKE, M.D., and JOHX P. FOX, M.D. 

(From the Laboratories of the International Health Division of The Rockefeller 

Foundation, New York) 

(Received for publication, March 9, 1948) 

The rapid death of mice inoculated with yolk sac suspensions richly in- 
fected with the rickettsiae of murine typhus was first reported in 1940 (1). 
Shortly thereafter it was shown that similar suspensions of rickettsiae of epi- 
demic typhus possess the same toxic property (2); and a serum neutralization 
technique based on this property was developed (3), which was highly specific 
in differentiating antibody of murine or of epidemic typhus origin (4). A 
similar toxic property has been demonstrated in yolk sac suspensions of R. 
orientalis of a single strain (Gilliam) only (5). The nature of the “toxin” has 
not been established, although it is apparently inseparable from the living 
rickettsial bodies (2). The mechanism by which death is produced in the mice 
has not been investigated. . ' 

Postmortem examination of mice dying after inoculation with suspensions of 
rickettsia-infected yolk sac suggested that blood clotting in vivo might play a 
role in the mechanism of death (6). In following this lead, a study was made 
of the effect of normal and infected yolk sac suspensions on heparinized whole 
blood of mice, guinea pigs, and rabbits. Contrary to what had been anticipated, 
it was observed that clotting occurred much more slowly in mouse blood mixed 
with infected yolk sac than it did in mouse blood mixed with normal yolk sac 
or with a combination of infected yolk sac and specific immune serum. Al- 
though this inhibition of clotting proved to be a reproducible phenomenon in the 
case of mouse blood, such was not the case with blood from the guinea pig and 
the rabbit. Instead, a different and equally interesting phenomenon was ob- 
served; Lc., in vitro hemolysis of the heparinized rabbit blood by yolk sac prepa- 
rations infected with typhus rickettsiae. 

Normal yolk sac prepared in the same manner as the infected lots in no case 
showed hemolytic activity. The hemolytic principle of infected yolk sacs was 
recoverable from the sediment after centrifugation at speeds demonstrated to 
throw down most of the rickettsiae (4,000 to 5,000 k.f.m. for an hour). Finally, 
the hemolytic activity of these preparations was observed to be inhibited by the 
presence of immune serum. Further studies were indicated to determine the 
optimal conditions for the demonstration of hemolytic activity, with a view to 
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the investigation of the mechanism of specific hemolysis and of possible methods 
of application. 

This report describes the hemolytic property of typhus rickettsiae, with ob- 
servations on the mechanism of hemolysis and the utilization of this property 
in the development of a new serologic technique. Also described are brief in 
vivo experiments to determine the possible relation of the hemolytic property 
of rickettsiae to their toxic activity in mice. 

Methods 

Since description of the development of a technique for the demonstration in 
vitro of hemolysis caused by rickettsiae and of its inhibition with immune serum, 
constitutes an integral part of this paper, only certain basic procedures need be 
mentioned in this section. 

The principal rickettsial strains employed were the Breinl (epidemic typhus) and the 
Wilmington (murine typhus), both of which had been maintained for a long but unrecorded 
series of passages in chick embryo yolk sac. Supplementary observations were also made 
with the South American strain (epidemic typhus) and the Gear strain (murine typhus), 
which were in relatively early passage (8th to 10th) in eggs. Yolk sac pools were prepared 
from eggs infected with rickettsiae by inoculation into the yolk sac (7) and harvested after 
6 to 7 days’ incubation at 35°C. The pooled yolk sacs were homogenized in a Waring blendor 
as 20 per cent suspensions by weight in nutrient broth and were stored in sealed glass ampoules 
in a dry-ice chest until used. Only pools shown to be sterile by test cultures on nutrient 
agar and in glucose and thioglycollate broth, were employed. All dilutions of yolk sac indi- 
cated in the paper were made from the 20 per cent suspensions in nutrient broth, which were 
considered the original undiluted material. 

Blood for the substrate for the tests was collected chiefly from the rabbit, by cardiac punc- 
ture. Heparin, to give a concentration in the blood of 1 : 10,000 to 1:20,000, or sodium citrate, 
to give a concentration of 0.1 per cent, was used when clotting was to be avoided. In addi- 
tion to rabbits, the animals employed as a source of cither blood or scrum or for the demon- 
stration of toxicity or infectivity of yolk sac pools were sheep, guinea pigs, eastern cotton 
rats ( Sigmodon hispidus hispidtis), and albino Swiss mice. 

Pyrcx tubes measuring 10 to 12 mm. by 70 mm. proved convenient for both hemolytic 
titration and serum inhibition studies. For incubation at any temperature above that of 
the room an ordinary bacteriological incubator adjusted to the desired temperature was used, 
unless otherwise stated. In a few cases where a short incubation period was employed, a 
water bath was used. Hemolysis was read on a scale ranging in degree from 4+ (very deep 
color all through the supernatant above the settled cells) through 3+, 2 + , 1+, trace (tr.) , 
and faint trace (ft. tr.), in the last of which only a minimum of hemoglobin had diffused 
into that supernatant immediately overlying the cells. Where end-points of hemolysis have 
been indicated they correspond to the dilution giving a reading of “tr.” 

Determinations of the toxicity of infected yolk sac were made by inoculating 0.25 ml. of 
serial twofold dilutions of suspended yolk sac into the tail veins of mice, and observing the 
number of mice dead after IS to 24 hours (2). Lethality for cotton rats was demonstrated 
by inoculating similar yolk sac dilutions, also in 0.25 ml. volume, intracardially; the rats were 
then observed for a period of 10 days, during which time the number of deaths occurring was 
recorded (8). Infectivity determinations were made by inoculating 0.25 ml. volumes of 
serial fourfold dilutions of yolk sac intrapcritoncally into cotton rats, which were challenged 
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intracardially 4 weeks later with a dose of between 2 and 4 LD i? . Rats surviving such chal- 
lenge were considered to have been immunized by the original inoculum. Toxic, lethal, and 
infective titers were calculated by the SO per cent end-point method (9). 

EXPERIMENTAL 

Factors Conditioning the Demonstration of Specific Hemolytic Activity 

Volume Relationships— The relative proportion of rickettsia-infected yolk sac dilution 
to red cell substrate does not appear to be of critical importance in preparations to be used 
for the observation of hemolytic activity. Identical hemolytic titers were obtained with 
either 2 parts of yolk sac to 5 parts of substrate or with equal volumes of each. The use of 
5 parts of yolk sac to 2 parts of substrate resulted in a twofold reduction in titer. The volumes 
adopted for use were 0.2 ml. of yolk sac dilution and 0.5 ml. jf substrate. Increase in these 
volumes up to 8 times without altering the proportions of the components had no effect on the 
titers. 

Red Blood Cell Subslrate . — The optimal composition of the red blood cell substrate was 
studied in considerable detail, and it is probable that the results obtained have some bearing 
on the mechanism of the hemolytic phenomenon, the nature of which remains obscure. The 
use of whole heparinized blood as the substrate, ‘which was tried at first, proved unsatisfactory 
because the frequent occurrence of clotting in this material interfered with the observation of 
the degree of hemolysis. In an effort to overcome this difficulty, experiments were made 
with red cells plus saline and plasma of serum in varying proportions. The results of these 
experiments are summarized in Table I. . Consistently, the maximum hemolytic titers have 
been observed when the cells constituted 25 per cent or more of the substrate, while the use 
of fewer cells resulted in proportionately lower titers. A corollary to this observation of the 
interdependence of red cell concentration and hemolytic titer is the fact that hemolysis of all 
the cells in the substrate has never been observed; decrease in the concentration of cells in an 
effort to obtain complete hemolysis has led instead to a decrease in degree of hemolysis. 
Thus, the concentration of red cells present in the substrate appears to be a critical factor in 
hemolysis. 

The composition of the substrate, apa« from the concentration of the red cells, seems to 
be of minor importance. Plasma was ruled out for routine use because of the frequent 
occurrence of dotting when it was employed. The substrate adopted was 25 per cent red 
blood cells, 25 per cent serum, and 50 per cent saline. This combination was dedded upon 
because results of several experiments, such as Experiments 3 and 4 listed in Table I, suggested 
that it yields slightly higher and more consistent titers. Sodium ritrate may be substituted 
for heparin as an anticoagulant for use in collecting the red cells. In some of our experiments 
we have employed as the substrate defibrinated blood diluted with an equal volume of saline. 
This has yielded satisfactory results at times, but cells prepared in such a way may undergo 
spontaneous hemolysis, due perhaps to physical injury to the cells during the process of 
defibrination. 

The animal used as donor of the red blood cells employed in most of our studies has been the 
rabbit. In a few tests sheep cells were employed with essentially similar results; but the lack 
of a source for aseptic bleeding in the case of this animal caused us to discontinue its use, 
since its red cells offered no apparent advantage over those of the rabbit. As a matter of 
interest, the cells of other animals were investigated for their susceptibility to the hemolytic 
action of typhus rickcltsiac. Erythrocytes of the mouse, cotton rat. ar.d guinea pig all 
proved completely resistant to hemolysis when suspended in dilutions of cither their own or 
rabbit serum. 

The me of sera from species other than the rabbi: as a component of the substrate was 
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explored. This was -of practical importance since such sera were to be employed in studying 
the inhibition of the hemolytic activity by specific immune sera. It was observed that fresh 
guinea pig or cotton rat serum occasionally caused some hemolysis of rabbit cells, but this was 
generally found to be reduced or eliminated by heating the serum at 56°C. for 1 hour. Such 
heated serum when present in relatively large amount (25 per cent of the red cell substrate) 
in general led to slight reduction in the hemolytic titer as compared with that obtained with 
rabbit serum; but this reduction was not of sufficient degree to invalidate its use in small 
amount for serological testing. It was further shown that similar heating of the rabbit serum 


TABLE I 

Relation between Hemolytic Titer of Infected Yolk Sac Pools and the Composition of the Red Cell 

Substrate 


Rickettsia strains used to 
infect yolk sac* 

•t 

Experiment 

No. 

Composition of substrate 

Per cent of 

Hemolytic 
titcrii (l:x) 

t 

Plasma} 

Scrum§ 

Saline 

Red ccllsl 



25 

\ 

50 

25 

12S 

Wilmington 

1 

25 


65 


64 



25 



5 

32 




■ 1 



64 


2 

25 | 


| 


64 







64 




75 


25 

32 

Brcinl 

3 


25 

50 

25 

64 





75 

25 

64 





90 

10 

S 


4 


25 

50 

25 

64 





75 

25 | 

32 


* Dilutions with saline. 

t Plasma and red cells obtained from heparinized rabbit blood. 

§ Serum obtained from rabbit blood drawn without anticoagulant. 

|| Titer read as dilution of 20 per cent infected yolk sac in which a trace of hemolysis was 
observed. 


component of the usual substrate did not affect the demonstration of the hemolytic aitivitj 
of suspensions of infected yolk sac. 

Temperature and Time of Incubation .— The hemolytic reaction was found to be favored by 
moderately warm temperatures. In a typical experiment with yolk sac infected with 
rickcttsiae of epidemic typhus, hemolysis was negligible when the mixtures of yolk sac am 
substrate were kept for 24 hours at 4°C„ whereas after the same period at room temperature 
or at 35°C. the hemolytic end-points were 1 : 128 and 1 :256 respectively. From successive 
readings made after 2, 4, and IS to 24 hours of incubation at 35°C. r it was also evident that 
hemolysis was not instantaneous but was relatively slow moving and progreswc even a U. 
4 hours’ incubation, since the end-points observed at the 4 -hour interval were one or two 
dilutions lower (two to four times less) than those observed in the same titration smci after 
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18 to 24 hours. The significance of these findings in relation to the study of the reaction will 
be discussed subsequently. A time period of 18 to 24 hours at 35 C. has been selected as 
giving the optimal hemolytic titers. It is, of course, necessary to avoid bacterial contamina- 
tion of all reagents in the performance of a test requiring such a prolonged incubation at a 
*.vami temperature. 

The Hemolytic Principle 

Hemolytic activity has been demonstrated in yolk sac preparations of all the 
strains of murine and epidemic typhus rickettsiae tested. It has also been 
found in a liver suspension from cotton rats infected with the Gear strain of 
the murine typhus rickettsia and in fresh peritoneal washings from cotton rats 
infected with the Wilmington strain of this rickettsia. Titers obtained varied 
from pool to pool of infectious material, but the majority of yolk sac pools rich 
in rickettsiae showed end-points of from 1 : 32 to 1 : 128. Preparations of several 
strains of R. orientalis (the organism of tsutsugamushi disease), including the 
Gilliam strain, have never exhibited any hemolytic activity. 

Stability of the Hemolytic Principle . — One of the early observations on the 
nature of the hemolytic principle was its marked instability. Exposure of 
active yolk sac suspensions to 0.5 per cent formalin, which renders rickettsiae 
non-infective, was also shown to destroy the hemolytic principle completely. 
The far less drastic treatment of exposure to moderate temperatures was found 
to be accompanied by partial or complete loss of activity. The results of the 
studies on the effect of various temperatures upon 20 per cent yolk sac suspen- 
sions, summarized in Table II, illustrate this thermolability. Progressive loss 
of activity was observed even over a few hours’ time at room temperature or at 
35°C. Material kept for 8 hours at room temperature and overnight at 4°C. 
showed almost a complete loss of activity. Storage at refrigerator temperature 
(4°C.) retarded this effect, although a fall in titer was observed after a 1- to 
2-day period. Heating at 56°C., which destroys the infective nature of rickett- 
sial preparations, also resulted in the complete loss of hemolytic activity. 

The relation of the type of diluent employed to the stability of the hemolytic 
principle was investigated as a point of practical importance. Definitely higher 
titers were obtained when the serial dilutions of active yolk sac were made in 
skim milk or in 20 per cent normal yolk sac than when any other diluent was 
employed. Such diluents, however, have not been regularly employed owing 
to the impossibility of estimating end-points accurately in turbid materials. 
Por routine use physiological saline has been adopted, since other clear materials 
tested, sue!) as diluted scrum or nutrient or glucose broth, yielded no better 
results. 

HfJi Speed Centrifugation . — Centrifugation studies were carried out with the 
double purpose of investigating the nature of the hemolytic principle and of 
removing extraneous yolk sac material, which possibly inhibited the reaction of 
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hemolysis and which certainly rendered more difficult the reading of hemolysis 
in low dilutions of yolk sac. A Pickels’ angle-head centrifuge was employed to 
sediment the rickettsiae, and most of the work was carried out in the cold room 
to minimize losses due to the instability of the active material. 

The results obtained (Table III) indicated that the hemolytic activity moved 
with the sedimentable material, the supernatant fluid being devoid of such 
activity. Concentration of the sediment by resuspension in a smaller volume of 
saline, gave rise to higher hemolytic titers. Such sedimented preparations, 
when resuspended to volume in saline and tested immediately, were relatively 


TABLE II 


Loss of Hemolytic Titer of Injected Yolk Sac Suspensions on Exposure to Various Temperatures 

Prior to Testing 


Exposure of infected yolk sac* 

Hemolytic titer} (I:*) 

Temperature 

Time 

Unexposed control 

Exposed 

°C. 




4 

1 day 

64 

16 

4 

2 days 

64 

32 

20-25 

2 hrs. 

- 64 

32 

20-25 

4 “ 

64 

8 

20-25 

8 “ § 

64 

2 

35 

2 “ 

32 

16 

35 

3 “ 

128 

32 

35 

4 “ 

32 

. S 

56 

1 hr. 

32 

0 


* Yolk sacs were infected with either Wilmington murine or Breinl epidemic strains of 
rickettsiae, and were exposed in 20 per cent concentration. At the end of tiic exposure 
period, dilutions were made in saline and added to the red cell substrate. 

X Titers are indicated as in Table I. 

§ After exposure, stored at 4°C. overnight prior to testing. 


clear and made satisfactory preparations for the demonstration of hemolytic 
activity despite some loss in potency during processing The preservation of 
such preparations for future tests was rendered impossible, however, by their 
complete loss of activity upon storage, in a saline suspension, even at —70 C . 
(in a dry-ice chest). The latter observation is an especially marked example of 
the instability of the hemolytic factor. In this case, the loss of activity was 
apparently due to the fact that the preparations were relatively free from protcc- 

* * “ • 1* 1 * li A Irv.-e t 



period. No practical. . . 

medium since the purpose of centrifugation, i.c. to clarify the preparation and 

facilitate reading of the degree of hemolysis, was thereby defeated. 
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The Quantitative Relationship of in Vitro Hemolytic Activity to in Vivo Rickett- 
sial Effects. — From the evidence already presented, a close relationship is sug- 
gested between the hemolytic property of suspensions of infected yolk sac and 
the contained, living rickettsiae. The diluents, such as normal yolk sac suspen- 

TABLE m 


. Centrifugation Studies on Infected Yolk Sac Suspensions * 


Expen- 

1 

Suspending medium} 

Duration of storages 

Hemolytic titer 
(l:s) 

ment 

No. 

Fraction 

Do- 

treated 

control 

Treated 

Hi 

Sediment 

Supernatant 

Saline 

Used immediately 

It U 

32 

32 

16 

0 


Sediment 

Saline to f original 
volume 

Used immediately 

128 

256 

3U 

Sediment 

Saline to } original 
volume 

Used immediately 

32 

128 

4** j 

Sediment 

| 

Saline 

48hrs. ! 

1 

64 

| 

0 


Sediment 

25 per cent rabbit 
serum 

Used immediately 

64 

32 


li 

25'per cent rabbit 
serum 

48hrs. 

64 

4 

5** 

li 

25 per cent rabbit 
serum 

8 days 

64 

Undiluted 



Skim milk 

Used immediately 

64 

32 


<( 

it II 

4Shrs. 

64 

32 


«c 

If li 

8 days 

64 

32 


* Yolk sac suspensions were infected with Brcini epidemic or Wilmington murine strains of 
rickettsiae. 


t Unless otherwise indicated, sediments were resuspended to original volume. 

§ Storage at — 70°C. (dry-ice chest). 

li Centrifugation once at 5,000 R.r.M. for 1 hour at room temperature. 

*1 Centrifugation once at 5,000 r.p.si. for 1 hour in cold room. 

’* Centrifugation at 5,000 R.r.sr. for 1 to 11 hours; resuspension -of sediment in saline and 
centrifugation for 10 minutes at 1,000 R.r.it.; the supematc then centrifuged at 5,000 to 8,000 
R.r.v. for 1 to 1 { hours; all done in cold room. 

stons and skim milk, known to be most effective in preserving the infectivity 
(and lienee, presumably, the viability) of rickettsial preparations, also offered 
the best protection for the hemolytic activity. Like the factor toxic for mice (2) 
the “hemolysin” could not be separated from the rickettsiae by centrifugation, 
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and treatment such as with 0.5 per cent formol or exposure to 56°C. for an hour, 
which renders rickettsiae non-infective, also destroyed the “hemolysin.” 

Further evidence of the relation of the “hemolysin” to the rickettsiae present 
was obtained by the simultaneous determination of the hemolytic titer and the 
titer of such other manifestations of rickettsial presence as toxicity for mice and 
lethality and total infectivity for cotton rats under conditions known to result 
in a decrease or an increase in the level of hemolytic activity. The conditions 
employed were exposure for 3 hours to a temperature of 35°C. (cf. Table II) or 
concentration of the active principle by resuspending the sediment obtained by 
high speed centrifugation in one-fourth the original volume of fluid (cf. Table 

TABLE IV 


Comparative Observations on Hemolytic Activity, Toxicity for Mice, and Lethality and Total 
Infectivity for Cotton Rats, of Infected Yolk Sac Pools 




End-point dilutions* (l:i) 

Rickettsial strain 

Treatment of yolk sac 

Hemolytic 

Toxict 
(tor mice) 

LcthalJ 
(for rats) 

Infective)! 
(for rats) 
(X 10’) 

Wilmington 

Fresh 

128 


42.5 

1.3 

murine 

3 hrs. at 35°C. 

32 


12.9 

0.45 


4 X concentrated 

256 


12S.0 

10.0 


Fresh 

12S 

56.1 

306.0 

10.8 

Breinl epidemic 

3 hrs. at 35°C. 

32 

13.1 

11.3 

5.4 


4 X concentrated 

512 

181.0 

512.0 

22.0 


* Starting material (20 per cent suspensions of yolk sac) considered as undiluted. Inocu- 
lum for rats and mice, 0.25 ml. volume. End-points other than hemolytic calculated hv 50 
per cent method (9). 

t Based on 8 mice per twofold dilution. 

§ Based on 5 (Breinl) or 10 (Wilmington) rats per twofold dilution. 

|| Based on 8 rats per fourfold dilution. 

III). The results of two such experiments, one with a yolk sac pool infected 
with the Wilmington strain of murine typhus rickettsia and the other with a 
pool infected with the Breinl strain of epidemic typhus rickettsia arc presented 
in Table IV and are typical of those obtained. With due regard for the limits 
of error in the various titration methods employed, the parallelism observed 
between the decline of the several activities measured (time-temperature effect) 
and their respective increases (as the result of concentration by centrifugation) 
is striking. 

Observations on the Mechanist n of the Hemolytic Reaction 

It has been deduced that the hemolytic principle is intimately associated with 
the actual rickettsial bodies. Since these bodies are visible with the aid of a 
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microscope, it seemed possible that examination of Giemsa-staLned smear prepa- 
rations of hemolyzing yolk sac-substrate mixtures taken after various intervals 
of incubation would reveal something of the mechanism involved. Except in 
the 0-hour preparation, in which some indication of the attachment of rickett- 
siae to the cell margins was seen, the examination of a series of such smears 
revealed no relation whatsoever between cells and rickettsiae. The principal 
finding was that in smears taken after progressively longer intervals of incuba- 
tion the red cells became less abundant and presented evidence of lytic changes 
with pale, indistinct margins. Quantitative evidence of the progressive reduc- 
tion in the number of cells present was obtained by several series of counts made 
by the usual clinical laboratory technique at various intervals after combining 
yolk sac and substrate. These counts are shown in Table V. In spite of irregu- 


TABLE V 

Red Cell Counts on Hemolyzing Yolk Sac — Substrate Mixtures after Different Interrah of 

Incubation 


■ 

Rickettsial 

strain 

Dilution of 
yolk sac 

Red cell count (millions) at intervals of incubation (35 C C.) 

m 

$-15 

min. 



2 hrs. 

4-5 

hrs. 

18 hrs. 

1 

Epidemic 

1:2 

0.73 

0.60 

0.62 

0.62 

0.25 

0.20 

0.15 



1:2 

2.09 

2.01 

1.50 



1.22 

0.65 

; 

2 

Murine 

1:4 

— 

2.33 

1.51 

— 

1.25 

0.90 

— 



Blank 

— 

— ! 

— ! 

— 

1 

1.90 

— 



1:2 

— 

— 

1.50 



0.S4 

0.70 



3 

Murine 

1:4 

— 

— 

1.46 

— 

1.09 

1.06 

— 


) 

Blank 

1 .37 

— 

— 

— 

— 

1.66 

— 


larities, it is evident that the rate of the decline in count was related to the 
concentration of yolk sac employed, but that even with the most concentrated 
yolk sac preparation (1:2 dilution) a 50 per cent reduction in count did not 
occur much before the 4th or 5th hour of incubation. 

Although direct microscopic examination failed to reveal a clear relation be- 
tween cells and rickettsiae, it seemed of interest to determine whether cells once 
exposed to infected yolk sac would continue to undergo hemolysis when removed 
from the hemolytic system and, conversely, whether such removal of the cells 
would have a significant effect upon the hemolytic potency of the remaining 
portion of the system. In these studies, substrate and serial dilutions of yolk 
sac infected with rickettsiae of a murine typhus strain were allowed to remain 
in contact for 15 minutes in a water bath adjusted to 37°C. or to 5 C C., after 
which the cell component and supernatant (yolk sac plus serum and saline of 
the substrate) were separated by brief, light centrifugation. The washed or un- 
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washed red cells were resuspended in new supernatant fluid composed of appro- 
priate dilutions of normal yolk sac plus rabbit serum and saline to replace the 
fluid portion of the substrate, while fresh packed cells were added to the original 
supernatant. Both new series with the indicated control series were then incu- 
bated for IS hours at 35°C. before reading. 


TABLE VI 


Studies of Possible Adsorption of Hemolytic Activity by Red Cells 


Temperature of 
preliminary 
incubation 


°C. 


Fraction* 


Final hemolytic 
titer} (l:x) 


35 


5 


35 


Control mixture 

I 

Supernatant 
Red cells 
Control mixture 

i 

Supernatant 
Red cells 
Control mixture 

I 

Supernatant 

Red cells 

! 

Washed once§ 


256 

256 

64 

256 

256 

64 

12S 

12S 


32 


S 


* Equal volumes (1.0 ml.) of substrate (25 per cent cells) and yolk sac dilutions mixed; 
separated after 15 minutes’ incubation by centrifugation at 1,000 K.P.M. for 5 minutes; super- 
natant tested with fresh cells; cells tested with fresh supernatant prepared with normal volk 


f Dilutions showing a trace of hemolysis after IS hours’ incubation ato5 C. 
§ Cells washed with 3.0 ml. (12 volumes) of saline and rcccntrifugcd. 


The results of the studies (Table VI) fail to indicate any marked tendency for 
the hemolytic principle to be adsorbed onto the red cells. In no case was the 
titer of the supernatant fluid, after a preliminary exposure to red cells, lower 
than that of the control series, and in all cases the titer observed with exposed 
red cells after replacement of infected supernatant material with normal mater- 
ial was demonstrably lower than that of the control. This is in accord with 
our failure to observe microscopically any adherence of rickcttsiac to the red 
cells and with the evidence that the hemolytic principle is inseparable from the 
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living rickettsial organisms. Some hemolysis of exposed red cells did occur, 
however, after their removal from the infected supernatant fluid, and, indeed, 
even after a single washing in saline. Such residual hemolysis, afterwashing, 
was found only in the case of those cells which had been exposed to high con- 
centrations of rickettsiae (sufficient to result in 4+ hemolysis with control and 
supernatant material). It is probable that the explanation lies in the nature 
of the hemolytic phenomenon rather than in any true adsorption. 

It has been shown previously that the hemolytic process is a slowly progres- 
sive one and is apparently dependent upon the rather gradual infliction of 
damage on the red cells. What the nature of the effect upon the cell may be is 
not known, although in one experiment, in which somewhat hypotonic saline 
was employed, the cells did not exhibit increased fragility. Since the hemolytic 
principle undergoes destruction at temperatures favoring the demonstration of 
its presence, the degree of hemolysis observed must be the resultant of two 
opposing factors: (1) the rate of red cell injury and (2) the rate of “hemolysin” 
destruction. The rate of red cell injury must be determined, in part, by the 
concentration of active principle (apparently viable rickettsiae), so that, 
whereas short exposure to high concentrations will result in some damage to 
the red cells, prolonged exposure to low concentrations, because of the simul- 
taneous inactivation of “hemolysin,” may result in little hemolysis. Accord- 
ingly, washing of red cells exposed to high concentrations of rickettsiae will not 
prevent those cells already extensively damaged from subsequently undergoing 
lysis, while simple separation of cells from the original supernatant fluid by 
centrifugation will, in addition, leave behind some active material to cany 
further the damage initiated during the preliminary exposure period. It can 
be seen that it is impossible to quantitate the results obtained, even approx- 
imately, in view of the inadequacy of our knowledge concerning the factors 
governing the rates of reaction. The fact that some but not all the erythro- 
cytes undergo hemolysis with any preparation is probably due to variations in 
susceptibility among the cell population and to loss of activity of the prepara- 
tion occurring before the more resistant cells have been sufficiently affected to 
undergo lysis. 


The Inhibition of Hemolysis with Immune Scrum 

As has been indicated, early studies of the hemolytic principle showed that 
its activity could be inhibited by homologous antiserum. In order to investi- 
gate this inhibition more fully the optimal conditions for its demonstration had 
to be determined. A detailed presentation of this preliminary phase of the 
work will be omitted in favor of data showing the application of the technique 
to serological studies. In summary, the best results were obtained when equal 
volumes (0.2 ml.) of infected yolk sac suspensions and dilutions of immune 
scrum, made with saline, were mixer! and allowed to remain in contact for 30 
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minutes at room temperature prior to the addition of the red cell substrate 
(0.5 ml.). The final mixture was then incubated for IS hours at 35°C. Simul- 
taneously, control tubes were prepared which contained saline instead of the 
serum dilutions. The use of too great a concentration of the hemolytic factor 
resulted in specific serum inhibition titers which were unduly low. Exceedingly 
weak concentrations, on the other hand, operated to diminish the specificity of 
the test by permitting the demonstration of inhibitory activity with normal 
sera. The best compromise was obtained when dilutions of yolk sac giving 2+ 
or 1 to 2+ hemolysis were employed against serial dilutions of immune serum. 
It may be recalled at this point that sera of species other than the rabbit occa- 
sionally cause hemolysis of rabbit cells and that tin's generally can be avoided 
by heating the sera at 56°C. for J to 1 hour prior to their incorporation in the 
test. The very occasional persistence of this activity after heating makes it 
advisable to use control mixtures of serum and cells to indicate false reactions. 

Some suggestion was obtained that the addition of fresh normal guinea pig 
serum (unheated) somewhat enhanced the antisera titers. The possible role of 
complement in the process was thus indicated, but the frequent hemolytic action 
of unheated guinea pig serum upon rabbit cells made the addition inadvisable 
as a routine procedure. 

Because of an unexplained difficulty in the production of satisfactory yolk 
sac pools of strains of murine typhus rickettsiae, most of our experience with 
the serum inhibition technique has been with the rickettsiae of epidemic typhus. 

A few satisfactory tests have been made with murine typhus rickettsiae, how- 
ever, and some of the results obtained with both types are shown in Table VII. 
The data presented indicate the specificity of the test when applied to cotton 
rat antisera obtained against either rickettsial strain. Complete inhibition 
was shown with homologous antisera in dilutions of 1:16 to 1:32 and partial 
inhibition in dilutions of 1:12S or higher. In contrast, complete inhibition 
was rarely observed with either normal or heterologous sera, and the degree of 
partial inhibition was not marked. With rickettsiae of epidemic typhus and 
sera of humans convalescent from this disease, titers comparable to those seen 
with animal sera were obtained, and the normal human sera tested showed little 
non-specific inhibition. High titers were likewise observed with the convales- 
cent human sera against a “hemolysin” of murine typhus origin, however, so 
that the strain specificity for human studies remains somewhat open to ques- 
tion. Owing to the lack of available potent preparations of murine typhus 
rickettsiae and of human antiserum against these rickettsiae, this question of 
strain specificity could not be investigated more fully. 

In Table VIII, results of serum inhibition tests with various human and 
rabbit sera against yolk sac infected with the rickettsiae of epidemic typhus are 
compared with the results of complement fixation tests, and when available, 
toxin neutralization tests obtained with the same sera. The use of complete 
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inhibition of hemolysis as the criterion of activity results in a test of low sensi- 
tivity in comparison with other serological methods. However, with the 
acceptance of partial inhibition as the index, the sensitivity of the technique is 


TABLE VII 

Anlihmolylic Tilers of Human and Animal Sera 


Rickettsial strain of 
hemolysin* 

Serat 

Antibemolytic titers (l:s) 

Complete^ 

Partial!) 


Murine (cotton rat) 

32 

>128 

Murine 

Epidemic ( “ “ ) 

Undiluted 

16 


Normal ( “ “ ) 

0 

2 


Epidemic (cotton rat) 

16 

128 

Epidemic 

Murine ( “ “) 

0 

16 


Normal ( “ “) 

0 

0 


Epidemic (human No. 1) 

32 

>256 


« ^ tt u 2 ) 

8 

16 


“ ( “ “3) 

16 

128 


tt £ tt tt 

32 | 

>256 

Epidemic 

“ ( “ “ 5) | 

32 

128 


« ( « “ 6) 

8 

32 


“ (cotton rat) 

16 

>64 


Normal ( « “} 

Undiluted 

4 


“ (human) 

0 

8 


Epidemic (human No. 2) 

64 

128 


<i £ it tt 

64 

128 


“ ( “ “ 5) 

>256 

>256 

Murine 

“ ( “ “ 6) 

8 

16 


i “ (cotton rat) 

2 

32 


i Murine ( “ “ ) 

32 

128 


| Normal ( “ “ ) 

0 

0 


* Hemolysin preparations were dilutions of yolk sac suspensions giving a 2 -f- hemolysis 
in the absence of test sera. 


f The cotton rat antisera were pools obtained from animals surviving infection with the 
indicated strain and bled 2 to 3 weeks after inoculation. The human antisera r. crc obtained 
in EMI from Spanish prisoners convalescent from typhus fever and were stored under sterile 
conditions at 4 C C. until used. 

§ Highest dilution of scrum showing complete inhibition of all hemolytic activity. 

! Hifhc't dilution of scrum showing significant reduction in degree of hemolysis as com- 
pared with control containing saline instead o! serum. 

comparable to that of the method of complement fixation employed (10), except 
in the case of the sera front vaccinated rabbits, in which, particularly as related 
to adjuvant vaccine (11), a tremendous discrepancy occurred. In the rabbit 
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TABLE VIII 


Comparison of Hemolysin Inhibition, Complement Fixation, and Toxin Neutralisation by 
Immune Sera (. Epidemic Typhus Antigens Only) 


Serum 


End-point dilution (l:x) of serum 
as measured by 






Inhibition of 



Species 

Individual 

History 

Time 

interval 

hemolysis* 

Com- 

ToxinS 
t neutrnl- 
t ization 


Com- 

plete* 

Partial’ 

t fixation: 



Post-typhus vaccination 

mm 

1 

64 

■ 




D. C. 

Laboratory infection 


1 

32 


— 



(murine) 

Hi 



H 



H 

Laboratory infection 

21 days 

1 

64 

mm 




(vaccinated) 

31 “ 

1 

64 

III 

— 



Post-typhus vaccination 

2 wks. 

1 

■a 

E 

. 

Human 

J.s. 

Laboratory infection 

7 mos. 

s 



— 



(epidemic) 



Hi 

m 




Laboratory infection 


19 

128 

512 

— 


O. P. 

type unknown (vac- 
cinated) 

■ 

1 

256 

512 



mm 

Post-tvphus vaccination 

2 wks. 

4 

6-1 

■Eg 

— 



Laboratory infection 

14 days 

32 

>512 

mm 

— 


■■ 

(epidemic) 

5 mos. 

8 

12S 

n 

* 


No. 21 

Adjuvant]) vaccine 

S wks. 

2 

>128 

1240 

570 


(epidemic) 

13 “ 

4 

>128 

840 

900 




20 “ 

S 

64 

400 

250 

Rabbit 



35 “ 

1 

32 

190 

250 

No. 37 | 

Saline vaccine (epi- 1 

3 wks. 

1 

2 

24 

3 



dcmic) j 

S “ 

0 

i 

21 

o 




13 “ 

0 

0 

1 

0 



1 

35 “ 

0 

0 

15 

0 


* Sec preceding table. 

t 50 per cent hemolysis end-point (10) with 2 units of antigen and 2 full units of comple- 
ment. , 

§ Calculated by the 50 per cent end-point method (9); measured against o U) 4 i of 

toxic yolk sac. 

|| Vaccine incorporated in watcr-in-oil emulsion (11). 


scries, also, the toxin neutralization titers far surpassed the inhibition titers 
based on either criterion. The number of tests performed up to the present 
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time has not been sufficient to indicate the true significance of the phenomenon 
of inhibition. 

Note on the Mechanism of the Toxicity of Rickettsia-Infected 
Yolk Sac Suspensions for Mice 

The possible relation of the phenomenon of hemolysis to that of the toxicity 
of rickettsia-infected yolk sac was suggested naturally by the high degree of 
parallelism observed in the respective properties of the “hemolysin” and the 
“toxin” and also by the fact that sera from mice bled during the acute phase of 
infection with murine typhus rickettsiae (in a study of the development of im- 
munity) consistently evidenced a high content of dissolved hemoglobin. In 
spite of the fact that mouse red blood cells, in vitro, appeared to resist hemolysis, 
it seemed possible that different conditions in vivo might permit hemolysis to 
occur. 

Mice were inoculated intravenously with two or three dilutions of yolk sac 
richly infected with rickettsiae, with the intention of bleeding the animals at 
intervals and following, by serial determinations, their blood hematocrit read- 
ings and the hemoglobin content of their plasma. The results were unexpected 
in that the principal toxic effect appeared to be a marked reduction in blood 
volume. To begin with, it proved nearly impossible to obtain more than 0.1 
to 0.2 ml. of blood from the heart of a mouse with signs of toxicity, whereas 
volumes of from 0.5 to 1.0 ml. were ordinarily taken from normal mice. This 
difficulty was shortly explained when the cell volumes had been obtained on 
pooled specimens of heparinized blood. Whereas the cell volumes from normal 
mice were from 4.0 to 4.5, readings of 5.5 to 7.2 were obtained in several experi- 
ments with blood drawn from mice near death following toxic inocula. That 
the mechanism of toxicity is due to a seriously altered vascular permeability is 
indicated by the fact that, in spite of the increased cell concentration, the spe- 
cific gravity of the plasma remained essentially unchanged, ranging from 1.018 
to 1.022 in normal mice and in those with toxic signs alike, as determined by the 
copper sulfate method (12). 

Death of the mice following toxic inocula thus was apparently a shock phe- 
nomenon. Subsequent experiments were made with animals given additional 
fluid (2.0 ml. of saline intraperitoncally) or such antihistamine drugs as adren- 
alin or pyribenzamine. None of these measures affected either the survival of 
the mice or the hematocrit readings obtained. However, mice inoculated with 
rickettsia-infected yolk sac mixed with homologous antiserum not only survived 
but showed no blood changes. 

From these experiments it appears that toxicity of rickettsia-infected yolk 
sac for mice is dependent upon a factor which gravely alters vascular perme- 
ability. Whether or not it is this same factor which causes in vitro hemolysis 
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of the blood of other animal species by altering the permeability of the mem- 
branes of red cells, is still undetermined. 

DISCUSSION AND SUMMARY 

Suspensions of 3 r olk sac infected with rickettsiae of murine or of epidemic 
typhus, and indeed suspensions of liver or peritoneal washings from cotton rats 
infected with these organisms, when the suspensions contain a sufficient concen- 
tration of living rickettsiae, possess the capacity to hemolyze, in vitro, red cells 
of rabbit or sheep origin. Under the same conditions such material did not 
cause the hemolysis of cells from mice, cotton rats, or guinea pigs. Yolk sac 
and tissue suspensions of R. orienialis (Karp, Raub, and Gilliam strains) failed 
to hemolyze rabbit cells. 

The hemolytic principle was destroyed by formol (0.5 per cent) and by heat- 
ing to 56°C. for 1 hour. The close association of the “hemolysin” with the 
rickettsiae was indicated by their parallel movements on centrifugation and by 
the close parallel demonstrated between the effects produced on hemolytic 
activity and on such manifestations of the presence of living rickettsiae as 
toxicity for mice and lethality or total infectivity for cotton rats when infected 
yolk sac suspensions were exposed to elevated temperature or were concen- 
trated by high-speed centrifugation. 

The mechanism of hemolysis remains ill defined. It progresses slowly, but 
never to completion (i.c. hemolysis of all the cells in the substrate) even when 
the number of such cells is small. This may be because hemolysis progresses 
best at temperatures (±35°C.) which are unfavorable to the hemolytic principle 
and because erythrocytes vary in their susceptibility to the injurious agent. 
The concentration of red cells also may be a determining factor, either by affect- 
ing the rate at which the reaction proceeds or by aiding in the preservation of 
hemolytic activity. Although it was impossible to separate the “hemolysin” 
from the rickettsiae, examination of smear preparations of hemolyzing mixtures 
showed no consistent contact relation between cells and rickettsiae. Adsorption 
experiments revealed that, while removal of the cells from the hemolytic system 
did not reduce the hemolyzing capacity of the system, the cells carried away a 
significant tendency to hemolyze. It is suggested that the rate at which injury 
is inflicted on the red cells is dependent on the concentration of “hemolysin” 
present and that the process may proceed in the relative absence of rickettsiae 
once sufficient damage has been inflicted. 

The toxicity of richly infected yolk sac suspensions for intravenously inocu- 
lated mice was found to be related, not to in vivo hemolysis, but apparently 
to a serious alteration in vascular permeability which caused a marked. reduction 
in blood volume. This was evidenced by an increased concentration of red 
cells but not of plasma proteins. It is possible, but has not been demonstrated, 
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that the factor responsible for altering vascular permeability of mice may be 
identical with that which causes lysis of rabbit and sheep cells. 

Two applications of the phenomenon of in vitro hemolysis are indicated. 
Following the technique described in the text for the optimum demonstration 
of hemolysis, the determination of the degree of hemolytic activity may serve 
as a rapid, roughly quantitative in vitro method for assessing the infectivity of 
a newly made rickettsial preparation. The phenomenon also is the basis for 
an additional, and potentially useful in vitro serologic technique which differs 
from other techniques in that it depends on a property of living rickettsiae. 
It has been shown that homologous antisera are capable of inhibiting hemolysis, 
and optimum conditions for demonstrating this inhibitory effect are described. 
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IMMUNOCHEMICAL STUDIES ON BLOOD GROUPS 

Vn. Chemi cal Changes Associated with Destruction or Blood Group 
Acttvitv and Enhancement of the Type XIV Cross-Reactivity by 
Partial Hydrolysis of Hog and Human Blood Group A, B, and 

0 Substances* 
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In a previous study (1), it was reported that preparations of purified blood 
group A substances from individual hog stomachs varied in their capacity to 
precipitate with Type XIV antipneumococcal horse sera. Nevertheless these 
substances had the same blood group A activity (2, 3) as determined by quanti- 
tative immunochemical methods ( cf . references 4-7). Blood group 0 sub- 
stances from individual hog stomachs as well as preparations of human blood 
group substances also showed similar variations in their cross-reactivity with 
Type XTV antiserum. From these observations, it seemed that the two 
activities might be associated with different portions of the complex molecule 
and it was predicted that it might be possible to alter one of the two activities 
without influencing the other (1). The effect of heating the hog blood group A 
and O substances at various pH on cross-reactivity with Type XIV antiserum 
was therefore studied as had been done previously for the blood group A 
activity (2). It was found that exposure to 100°C. in dilute hydrochloric acid 
at a pH of 1.5-2.0 for 1 to 2 hours resulted in almost complete destruction of 
blood group A and 0 activity but strikingly increased the reactivity with Type 
XIV antiserum. Similar results were obtained on heating A and B substances 
from human saliva. Study of the chemical changes associated with this pro- 
cedure showed that about 60 to SO per cent of the fucose of the hog A and 0 
substances (8) and some of the amino acid nitrogen together with small amounts 
of free galactose and glucosamine became dialyzablc. In addition some 
dialyzablc polysaccharide was also found. From the non-dialvzable portion, 
products were isolated by alcohol precipitation which had an enhanced reac- 
tivity with Type XIV antiserum and had a lower mcthylpentose content than 
the original material. These data, together with the findings of Bray, Henry, 

* The work reported in this paper was carried out under a research £rant from the Di- 
virion oi Research Grants ami Fellowships of the National Institute of Health, United States 
Puh'.ic Health Service, and in par: under the William J. Mathews Commission. 

•43 



44 


IMMUNOCHEMICAL STUDIES ON BLOOD GROUPS. VH 


and Stacey (9) that the fucose was present as end groups, strongly indicate 
that both the blood group A and 0 substances are made up of long chains of 
iV-acetylglucosamme and galactose residues with the fucose residues projecting 
outward as end groups at various undetermined points along the chain. These 
fucose residues reduce the reactivity of the blood group substances with Type 
XIV antiseruni and their removal by heating at pH 1. 5-2.0 results in the 
observed increased reactivity with Type XIV antibody. The methylpentose 
in blood group A substance from human saliva was identified as fucose by 
paper chromatography. 


EXPERIMENTAL 

The hog and human blood group substances employed were those described in earlier 
studies (3, 8, 10). Type XTV antipneumococcal horse serum H635 (cf. reference 1) supplied 
by Dr. Harold W. Lyall and Miss Jessie L. Hendry of the New York State Department of 
Health contained 0.87 mg. anti-SXIV N 1 per ml. 

The stability of the Type XIV activity of blood group A and 0 substances after heating 
at various pH was studied as follows: To 1.50 ml. samples of a saline solution containing 2.00 
mg. of blood group substance per ml., 1.50 ml. of solutions of appropriate pH ( cf . reference 2) 
from about 1.5 to 10.S were added; the pH was determined after miring. The tubes were 
sealed and heated in a boiling water bath for 2 hours. After heating, 2.50 ml. aliquots were 
removed, neutralized with acid or alkali if necessary, and diluted to 5.00 ml. in a volumetric 
flask with saline to give a solution containing 500 n g./ml. The cross-reactivity of each heated 
solution with Type XIV antiserum was determined at 0° by adding volumes containing 50, 
100, 150, 250, and 500 fig. of blood group substance to 0.5 ml. portions of antiserum in a total 
volume of 2.0 ml. After 1 week in the refrigerator the precipitates were centrifuged off, 
washed twice in the cold with saline, and analyzed for nitrogen (11) by the Markham micro- 
Kjeldahl method (19). The blood group A activity was determined by comparing the mini- 
mum quantity of each heated solution of blood group A substance required for inhibition of 
hemagglutination of human A erythrocytes by human anti-A (2) with that of an unheated 
saline solution of the same preparation of A substance. Blood group O activity was assayed 
in a similar manner using O erythrocytes and a goat anti-Shiga scrum (12) generously supplied 
by Dr. A. F. Coca of Lederle Laboratories. The scrum contained anti-0 and was used after 
absorption with AiB cells. 


RESULTS 

Table I shows the effect of exposure to various pH at 100°C. for 2 hours on 
the Type XIV and blood group activity of solutions of two preparations of hog 
blood group A substance, on three samples of hog blood group O substance, and 
on one A preparation, hog 15 (S), which contained some O substance. Tt is 
apparent that, as compared with the corresponding unheated sample, the 
heated materials showed greatly enhanced capacity to precipitate Type XI\ 
antibody after heating at 100° for 2 hours at pH ranging from 1.49 to 1.9 and 
that the blood group activity of these substances had been very extensive!} or 
almost completely destroyed. The resulting increase in the cross-reactivity 

1 SXIV the type-specific polysaccharide of Type XIV pneumococcus. 
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appeared to be greater for the blood group 0 substances than for the A sub- 
stances. As a control, a sample of SXIV heated under similar conditions 
showed a slight decrease in reactivity with Type XIV antiserum. 

TABLE I 

Eject of pH on Cross-Reaction of Blood Group Substances with Type XIV Anlipntumococcal 
Serum. Tubes Heated 2 Hours at 37° at Indicated pH, Neutralized 


Total N precipitated from 0.5 ml. antiserum H635 



pH 

pH 

substance added 

.52 

.71 

.79 4 

69 6 

71 7 

40 

3.8 9 

.15 

9.49 t 

inhered 

1.9 

4.72 

7 S 


cheated 

Mg- 

Mg- 

Ug. 

Mg- /■ 

g- 

lg- 

>g- 



Mg- 

Mg- 

Mg- 

Mg- 

Ml- 

n- 

MS- 


Host 6 (A) 

Hog 13 (O) 

50 

24 

29 

6 

10 

9 

2 

IV 

HI 

H 

wm 

26 

15 

6 


16 

100 

40 

43 

10 

16 

14 


* 

0 

2 

Mm 

45 

26 

12 


27 

ISO 

54 

59 

14 

23 

18 

4 

o 

l 


24 

57 

36 

18 


39 

250 

61 

75 

27 

24 

22 

□ 

H 

B 

3 

30 

69 

m 

El 


43 

500 

m 

95 

46 

38 

32 



HI 

5 

39 

97 

E3 

o 


64 

Agglutination- 

1 















inhibiting power' . 

>10Jj 


i 

1 

1 

H 


50 

50 

1 

>25 

>25 

10 


2 - 


• 



Hog IS (AO) 




Hog 25 (O) 


1.49 

1.51 

2.90 

4.75 

6.91 

7 - 75 

8.8 

9.62 

10.05 

Unhealed 

1.61 

4.70 

7.71 

1 

Unheated 

50 

24 

m 


7 

6 

n 


0 

i 

8 

50 

12 

8 

2 

11 

100 

43 

29 

26 

12 

9 



1 

1 

13 

69 

18 

11 

2 

14 

150 

54 


34 

14 

14 

ED 


D 

1 

17 

86 

21 

11 

4 

18 

230 

67 

j 57 

47 

22 

21 

24 

3 

2 

3 

23 

107 

25 

14 

4 

20 

500 

M 

j 

74 

39 

1 3S 

32 

3 

4 

1 

35 

128 

37 

20 

7 

27 

Agglutination- 





j 











inhibiting power 

m 

1 

1.5 

1 

1 

2 

50 

IH 

50 

1 

a 

1-2 

isa 


1 


Hog 10 (A) 


Hog 2" 

CO) 



1.59 


2.95 

4.55 

655 

7.5C 




I'll WWW 

B 

1.52 

4.71 

m 

FES 

Unheated 

50 

14 


5 

7 

s 

3 




13 

35 

28 

23 

5 

29 

100 

24 


9 

6 

6 

5 




8 

61 

46 

32 

5 

44 

150 

30 


12 

S 

7 

4 




13 

76 

61 

40 

11 

51 

250 

46 


14 

15 

10 

2 




16 

102 

81 

54 

14 

64 


04 


28 


H 

5 




i lg 

139 

99 

69 

23 

! f 

Agglutination- 




! 






1 






inhibiting power 

>50 


1 0-’ 

j°. 

1 0. 

l\ 0. 

i 

t! 

t 

i 

i 

1 0.1 

>30 

10 

25 


5 


• Minimum quantity of A or O substances completely inhibiting hemagglutination of A cells by *nti-A or 
of O cells by tnti-O. 

1 T!»rhr»l dilution tested showing no hemolysis. 


With the three A products, heating at pH 2.79-2.95 seemed to result in a 
slight increase in cross-reactivity without significant loss of blood group A 
activity as measured by hemagglutination (r/. reference 2) but similar treatment 
at pH from 4.59-6.01 did not significantly affect cither the cross-reaction or the 
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blood group A activity. At pH 7.4-7.5, 100°C. for similar periods produced 
some destruction of both cross-reacting and blood group activity in two 
instances, but with the hog 15 preparation, no significant change occurred; at 
pH 8.8 or above extensive loss in both activities resulted. 

With the 0 substances heating at pH 7.5-7.71 resulted in a fivefold decrease 
in blood group 0 activity and in some diminution of cross-reacting potency. 
At pH 8.9-9.0 marked diminution of cross-reactivity occurred in the two 
instances studied. At pH 4.7 some decrease in blood group activity with no 
change or but a slight increase in cross-reactivity was noted. 

Table II shows that the increase in cross-reactivity produced at pH 1.6 was 
greatest after 1 hour at 100° and decreased with further heating. 


TABLE II 

Effect of Time of Healing at pH 1.6 on Cross-Reaction with Type XIV Antipncumococcal Scrum 

Total N precipitated from 0.5 ml. antiserum H635 


Amount blood 

group substance* Time of heating 

added 



1 hr. 

2 hrs. 

4 hrs. 

6 hrs. 

us- 

us- 

US- 

VS‘ 

US- 

50 

43 

36 

17 

12 

100 

66 

52 

27 

14 

150 

87 

67 

36 

19 

250 

107 

87 

46 

21 

500 

146 

118 

66 

43 


* Hog 13 O substance used. 


Similar increases in cross-reactivity were obtained on heating three samples 
of A substance and one of B substance from human saliva (10) (Table III). 


Chemical Changes Associated with Healing at pH 1.5-1. S . — 

Chemical changes associated with the increase in reactivity with Type XI\ 
antiserum and the destruction of blood group activity which resulted from 
heating at pH 1. 5-1.9 were investigated using the hog 15 substance which was 
predominantly blood group A substance (S) and the hog 29 material a prepara- 
tion of blood group O substance. 


Solutions containing about 5 mg. per ml. of the purified substances from hogs 15 and 2» 
were prepared and acidified to pH 1.5 and l.S respectively; total nitrogen, glucosamine, and 
reducing sugar before and after hydrolysis, mcthylpentosc (13), cross-reactivity, blood group 
A or O activity, and specific optical rotation were measured. The solutions were then heated 
in sealed tubes in a boiling water bath for 2 hours and 1 hour respectively and the same nna- 
Ivtical data obtained (Tabic IV). -Measured volumes of the heated solutions (containing 
260 mg. of hog 15 substance and 265 mg. of hog 29 substance) were then dialyzed against 
four and five 75 ml. portions of distilled water. The non-dialyzable portions v.ere remover. 
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from the cellophane sacs, 2 gm. of sodium acetate was added to each, and the material was 
fractionally precipitated with ethanol. Most of the material was predpitable by 2 volumes 

TABLE HI 

Ejjtti of Heating al 100° fox Z Scuts al Acid pH on Cross-Reactmty of Human Blood Group 


Substances 

Amount substance added 

Total nitrogen precipitated from 0.5 ml. H633 

Heated 2 brs. 

Unheated 

; 


1 «• 


A substance: W.H.* digest of water-insoluble, phenol-insoluble 
pH 2.18 


50 

30 

28 

100 

46 

43 

150 

61 

53 

250 

81 

69 

500 

121 

90 


A substance: B.K. phenol-insoluble 
pH 1.99 


50 

49 

33 

100 

67 

53 

150 

84 

67 

250 

114 

89 

500 

156 

118 

A substance: W.H. 

t digest of water-insoluble 10 per cent precipitate 


pH 1.72 


50 

47 

25 

100 

74 

45 

ISO 

96 

50 

250 

118 

66 

500 

163 

1 83 


B substance: S.E. phenol-insoluble 
pH 3.90 


50 

41 

20 

100 

i 64 

31 

150 

S3 

36 

250 

111 

42 

500 

! 144 

56 


of ethanol (PI) and a small additional portion was obtained 1* tween 2 and S volumes (P2). 
In the cate of hog 15 only an additional 3 mg. of substance was obtained bv adding an e-uai 
volume of acetone to thcclbano! supernatant. Thcvields, analytical properties, blood grotto, 
and cross-reactivity of these fractions are shown in Table IV. 
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Aliquots of the dialysates were analyzed and the remainder of the dialysatcs was conccn- 
trated in vacuo under C0 2 to a volume of 2.5 ml. and chromatographed on Whatman num- 
ber 1 filter paper (14) using in separate experiments butanol-ethanol-watcr (40:10:50) and 
collidine-water as solvents as described by Partridge (15). 

Qualitative identification of the constituents was made on the same paper by simultaneous 
comparison of the R F values of the constituents of the concentrated hydrolysate with those 
of fucose, galactose, and glucosamine. With both solvents, fucose and galactose were found 
in the concentrated dialysates of both the hog 15 and hog 29 substances when chromatograms 
were developed by heating with alkaline copper or with ammoniacal silver. With collidine, 
glucosamine could also be identified but only in the hog 15 dialysate and in very smallamounts. 

TABLE IV 


Properties of Unhealed and Heated Hog Blood Group Substances and of the Non-Dialyzablc 
Fractions Obtained after Healing at pH 1.5 and l.S 



Ash 

Total 

N 

Re- 

duc- 

ing 

sugar 

Glu- 

cosa- 

mine 

Re- 

duc- 

ing 

sugai 

GIu- 

cosa 

mine 

0) 



Mini- 

mum 

hema- 

agglu- 

Total N precipilatcd from 
0.5 ml. type XIV 
serum by 

o 

u 

c 

rt 

en 


as 

Na 

On hy- 
drolysis* 

Unhy- 

drolyzcd 

o 

c 

o 

a. 

lb 

V 


4> 

U 

<! 

tin- 

ation 

inhib- 

iting 

dose 

CJ 

U 

c 

5 

. «n 
tC-O 

a. 3 
o 

O 

<J 

c 

rt 

►J- m 

gS 

t> 

u 

c 

rt 

.1 i/i 

O 

‘o 

*> 

o 

c 

« 

o 2 

CM 

u 

u 

c 

5 

“3 

a 3 

g “ 

VI 

3 

Ml 

o 

c 

3 

O 

E 

< 


per 

cent 

per 

cent 

per 

cent 

per 

cent 

per 

cent 

Per 

cent 

per 

cent 


per 

cent 


PS* 

VS- 

wr- 

«• 

VS* 

ms. 

Hog IS 


5.S 

59 

29 

It 

1.2 

9.2 

+10° 


0.5 

s 

13 

17 

23 

35 

2601 

Hog 15 heated 



57 

27 

22 

3.2 


+23” 


>150 

29 

45 

60 

S2 

130 


PI 

0.2 

6.0 

56 

31 

12 

1-7 

1.7 

+30” 

11.2 

' V 

39 

56 

6S 

SI 

Dull 

120 

P2 


6.8 

59 

33 



1.5 

+25” 



27 

40 

50 

6S 

92 

125 

Hog 29 


6.0 

5S 

27 

10 

l.S 

9.5 

- 5” 


I 

21 

32 

41 

57 

88 

265 1 

Hog 29 heated 



60 

29 

17 

2.4 


+ 7” 



66 

lull 

131 

161 

mil 


PI 

0.2 

5.8 

56 

29 

15 

1.2 

3.7 

+ 10” 

10.3 

>150 

73 

105 

128 

148 

173 

213 

P2 



4S 

26 

16 

1.2 

Hal 



>150 

42 

61 

76 

96 

120 

8 


• With 2 N HC1 for 2 hours at 100°C. 

t Amount initially used, other figures in column indicate yield. 

§ An additional 3 mg. of material containing 2.1 per cent mcthylpcntose and 27 per cent glucosamine and which 
also reacted with Type XIV antiserum was isolated from the P2 supernatant by addition of an equal volume of 
acetone. 

However, in both solvents a definite spot remained at the starting point with the two con- 
centrated dialysates; this was designated ns the slow spot. In addition, when chromatograms 
were developed with ammoniacal silver a very fast moving spot was noted with each solvent 
in both the hog 15 and hog 29 dialysatcs. The R r values of this spot ranged from about 0.-10 
to 0.44 in butanol and 0.61 to 0.64 in collidine. No such spot was obtained when chromato- 
grams were developed with alkaline copper. This spot was shown to be due to glycerol, and 
control experiments showed it to come from the dialyzing membranes and not from the 
blood group substances. Its identification as glycerol was made by measuring its I-r values 
and preparing the triphenylurethane on material isolated from the fast spot. 

To obtain more precise information about the composition of these concen- 
trated dialysates, the technic of paper chromatography was adapted to 
quantitative estimation of the various sugars, modified from qualitative and 























49 


E. A. RABAT, H. BAER, A. E. BEZER, AND V. KNATTB 


quantitative procedures for sugars and amino adds used by other workers 
( 14 - 18 ). 

Sheets of Whatman number 1 filter paper measuring 19 X 46 cm. were used. A pencil 
line, perpendicular to the length was drawn 10 cm. from one end of the paper and exactly 0.10 
ml. of the concentrated dialysate to be examined was distributed from a calibrated 0.10 ml. 
pipette as a series of small spots along this line allowing margins of about 2 cm. at each end. 
In each margin, a small additional drop of the dialysate was placed. When the spots were 
dry the end of the paper was placed in the trough containing the desired solvent and the 
chromatograms developed at room temperature for about 20 hours when butanol was used and 
24 to 26 hours with collidine. Duplicate papers were chromatographed simultaneouslyin each 
solvent. The papers were then removed, the position of the solvent boundary marked, and 
the papers dried at room temperature in a chemical hood in a strong current of air. The mar- 
ginal strips were cut off and the spots on one strip were developed by spraying with alkaline 
copper and those on the other with ammoniacal silver and heating in an oven at 110°C. Using 
these developed margins as a guide, strips of measured width were cut at right angles to the 
marginal strips from the main pieces of paper so as to include each spot as completely as pos- 
sible. When inadequate separation of spots was obtained a single strip containing two spots 
was cut. In this manner, strips containing the fast component, the fucose, the galactose plus 
glucosamine, and the slow component were obtained. Blank strips of measured width were 
cut from areas where no spots were evident but which had become wet with solvent. The 
strips containing the various constituents were marked with pencil and residual solvent was 
removed under vacuum in a desiccator containing vessels of concentrated sulfuric arid, phos- 
phorus pentoxide, and pellets of sodium hydroxide; the desiccator was placed in an incubator 
at 37°C. for from 2 to 4 days. This procedure was found necessary to reduce blank values to 
a minimum in the subsequent analytical procedures; the longer drying period is preferable for 
chromatograms developed with collidine. The papers were then removed and strips con- 
taining a given component from the duplicate papers were placed in a test tube containing an 
analytically measured volume of distilled water (usually 10 or 15 mL), stoppered with rubber 
stoppers, and allowed to stand overnight at room temperature to extract the various con- 
stituents from the paper; the blank strips of paper were extracted similarly. The solvent was 
decanted from the strips of filter paper and as large a quantity as possible recovered by pressing 
the paper with a stirring rod. The extracts were then centrifuged at room temperature to 
remove lint. Aliquot portions of the extracts corresponding to the various spots and blanks 
wcrcanalyzcd for reducing sugarand glucosamine, bo th beforeandafter hydrolysis for 2 hours 
with 2 k HC1, for mcthylpcntosc by the method of Dische and Shettles (13), and in the case 
of papers developed with butanol-clhanol-watcr for nitrogen by the Markham (19) micro- 
Kjcldahl method. Values obtained were corrected for the blank by calculating the blank 
according to the width of paper taken for each individual strip. The amounts found in the 
0.2 mb of each concentrated dialvsalc placed on the two papers and the total amount of each 
constituent in the entire dialysate were calculated. The results obtained are given in Table 
V. Since blank values were appreciable in all instances and since differences were multiplied 
by very large factors, low values are not considered significant ; such values arc given in paren- 
theses in Table V. It is also possible that some small quantities of a given constituent were 
accidentally included in the adjacent strip by inadequate separation in the chromatograms or 
In tailing (Is, 16V It will be noted from Table V, that recoveries of total reducing sugar, 
nitrogen, and mcthylpcntosc arc in close agreement with those found in the total dialvsate; 
recoveries of total glucosamine were somewhat ,>oorcr. No values arc included for reducing 
surar am! glucosamine after hydrolysis or for glucosamine before hvdrolvris when collidine 
was used as vdvent sir.rc reprodudV.e values could got he obtained under these conditions 
with thi* solvent. 
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In the case of the hog 15 substance, heating at 100°C. for 2 hours at pH 1.5 
resulted in an increase in the unhydrolyzed reducing sugar from 11 to 22 per 
cent and in the glucosamine from 1.2 to 3.2 per cent. For the 260 mg. of 
substance used, this amounted to 2S.6 and 5.1 mg. respective!}'-. This was 
accompanied by an increase in optical rotation from +10° to + 23 °, essentially 
complete loss of blood group A activity, and a marked increase in the capacity 
of the heated solution to precipitate Type XIV antibody (Table IV). On 
dialyzing the heated solution against repeated changes of distilled water, the 
dialysate was found to contain 31 mg. of reducing sugar and 4.3 mg. of glucos- 
amine indicating that almost all of the reducing groups and glucosamine 
liberated by heating had become dialyzable. Part of this material was polysac- 
charide in nature since, on hydrolysis of the dialysate with 2 n HC1, the reducing 
sugar increased from 31 to 57 mg. and the glucosamine from 4.3 to 23 mg. 
Some of the non-glucosamine nitrogen had also become dialyzable since the 23 
mg. of total glucosamine in the dialysate accounted for but 1.8 of the 3.2 mg. 
of nitrogen found. The most striking finding was that the dialysate contained 
17 of the 24 mg. of fucose initially present. The concentrated dialysate showed 
some reactivity with Type XIV antiserum probably due to its content of 
polymerized material. A small amount of the polysaccharide (1.5 mg.) in the 
dialysate could be precipitated by alcohol and was shown to precipitate with 
Type XIV antibody. 

Further study of the hog 15 dialysate by paper chromatography after concen- 
tration in vacuo under CO:, showed the presence of four components. From 
the Rf values in both butanol-ethanol-water and collidine-water, fucose and 
very small amounts of galactose and glucosamine were identified. There was 
also a component which was essentially immobile (slow) and a component 
(glycerol from the dialysis bag) which moved more rapidly than the fucose 
and was seen only when chromatograms were developed with ammoniacal 
silver (Table V). 

Quantitative paper chromatography showed essentially all of the methyl- 
pentose to be present in the fucose spot both in the butanol and collidine 
chromatograms. In butanol this spot contained a small amount of glucosamine 
which appeared to be in a polymerized form since the amount found was 
increased on hydrolysis and it is probable that these small quantities of material 
were included in the fucose spot by uncertainties in cutting the papers. 

Both the slow moving and the galactose-glucosamine spots consisted of 
polysaccharide since marked increases in the glucosamine and reducing sugar 
occurred on hydrolysis. The non-glucosamine nitrogen (amino acids) also 
occurred largely in these two fractions. Whether this is bound to the polysac- 
charides in the dialysate or has been liberated by the heating and merely moves 
at the same rate as the polysaccharides is uncertain. The unhydrolyzed reduc- 
ing sugar values for the galactose-glucosamine and the slow spots were a. 7 and 
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12.4 mg. in butanol and 11.0 and 6.9 in collidine, while the sum of the values 
for the two spots in each solvent is the same. It is evident therefore, that 
butanol and collidine effect a different resolution of the polysaccharides present. 

The main non-dialyzable fractions from hog 15 (PI, P2) isolated by alcohol 
precipitation, and showing the enhanced reactivity with the Type XIV anti- 
serum, had essentially similar glucosamine and reducing sugar contents, both 
hydrolyzed and unhydrolyzed, and an acetyl content and nitrogen similar to 
that of untreated blood group substances. The fucose content had decreased 
from 9.2 to 1.5 and 1.7 per cent and the optical rotation had increased from 
+10° to +25° and +30° for the P2 and PI fractions respectively. 

With the hog 29 substance, the heating was carried out only for 1 hour at 
pH 1.8 and these milder conditions increased the reducing sugar and glucos- 
amine from 10 to 17 and from 1.8 to 2.4 per cent respectively, corresponding 
to the liberation of 18.5 mg. of reducing sugar and 1.6 mg. of glucosamine from 
the 265 mg. of material used. The optical rotation increased from —5° to +7° 
a change in the same direction and of the same magnitude as that on heating 
the hog 15 material. Loss of blood group activity and increased reactivity 
with Type XIV antiserum occurred. 

The dialysate contained only 15.3 mg. of reducing sugar and 1.2 mg. of 
glucosamine, about one-half that found in the case of the hog 15 sample; on 
hydrolysis these values were increased to 30.6 and 7.4 mg. indicating that some 
polysaccharide was present. The dialysate contained 17.9 of the 25 mg. of 
fucose in the starting material. 

Results of paper chromatography of the hog 29 dialysate were similar to 
those with hog 15. Most of the reducing sugar and almost all the methylpen- 
tose of the unhydrolyzed concentrated dialysate were found in the fucose spot. 
The bulk of the polymerized material appeared in the slow component. The 
galactosc-glucosamine component constituted but a minor fraction of the total 
dialysate and from the R r value and the finding that the reducing sugar was 
not increased on hydrolysis, it would appear that it consists chiefly of free 
galactose. As in the case of the hog 15 dialysate, glycerol from the dialysis sac 
appeared as a very fast component when chromatograms were developed with 
ammonia cal silver, but only insignificant quantities of the constituents analyzed 
for in Table V were present. 

The non-dialyzable fractions from the hog 29 substance were similar to those 
with hog 15 (Table IV), but the yield of non-dialyzable material was much 
greater due to the milder conditions of hydrolysis and their fucose contents 
were somewhat higher indicating that only about 60 per cent of the fucose had 
been split off. The optical rotation had increased from —5’ to -f 10’, the 
latter value being considerably lower than that of the corresponding ho~ 15 
substance. The cross-rcactivity of the PI and P2 substances was much greater 
than the original material. 
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Since galactose is the only sugar known to be present in the blood group 
substances beside glucosamine and fucose, the quantity of galactose liberated 
can be estimated for the hog 15 substance by subtracting the total glucosamine 
(23 mg.) plus the fucose calculated as reducing sugar (17.1 X 2/3 = 11.4 mg.) 
from the total reducing sugar; thus 57 mg. - 23 mg. - 11.4 mg. = 22.6 mg. of 
galactose as reducing sugar. Multiplying by 4/3 the factor for converting the 
reducing power of galactose to weight gives 30 mg. of galactose. If it is 
assumed that for each molecule of glucosamine there is one galactose, subtrac- 
tion (30 — 23) shows 7 mg. of galactose over and above that necessary for 
combination with glucosamine. A similar calculation for hog 29 again using 
the data in Table V reveals the presence of 14.8 mg. of galactose and 7.4 mg. 
beyond the amount necessary for combination with glucosamine. 

Studies on a hydrolysate of A substance from human saliva W.H. S 10 per 
cent precipitate (10) by paper chromatography in butanol-ethanol-water and 
in collidine- water served to identify the methylpentose as fucose. 

DISCUSSION 

The data presented clearly establish (Tables I to III) that blood group A and 
0 substances from hog stomach and the A and B substances from human saliva 
show an increased capacity to precipitate Type XIV antipneumococcal anti- 
body after heating at 100° at pH 1. 5-2.0 although their blood group activity 
is lost by this treatment. These observations suggest a similarity of structural 
pattern between these various substances which provides the basis for tin's 
behavior; similarities in chemical composition have already been noted (3, 8, 
10) and a sample of A substance from human saliva was shown to contain 
fucose. Study of the chemical changes associated with this mild hydrolysis, 
in the case of hog 15 (chiefly A substance) and hog 29 (O substance), showed 
that the predominant change was the liberation of about four-fifths and two- 
thirds of the fucose respectively in a dialyzable form. In addition, partial 
depolymerization of the blood group substances occurred as evidenced by the 
finding of small amounts of free galactose and, in the case of hog 15, of glucos- 
amine as well as considerably larger quantities of polymerized glucosamine- 
galactose units in the dialysate. In the case of the hog 29 preparation, which 
had been heated at a somewhat higher pH and for a shorter period than the 
hog 15 substance, much less partially dcpoiymcrizcd material was found in the 
dialysate. Appreciable quantities of amino acid nitrogen (non-glucosamine 
nitrogen) were found in the dialysate and this nitrogen was present in the 
galactose-glucosamine and slow spots obtained by paper chromatography. 
Whether this amino acid nitrogen is attached to the polysaccharide in the 
dialysate has not yet been determined. 

The non-dialvzablc residues, comprising the bulk of the original blood group 
substance, showed enhanced reactivity with Type XIV antiserum and were 
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devoid of blood group activity. They had essentially the same analytical 
composition as the original blood group substance except for the marked reduc- 
tion in methylpentose content and the increase in optical rotation (Table IV). 
This is not surprising, however, since it is doubtful whether the elimination of 
the fucose in these two instances, would significantly affect the glucosamine, 
reducing sugar, nitrogen, or acetyl values. 

The correlation between the immunochemical and the chemical data estab- 
lishes a portion of the structure of the blood group substances. The Type XIV 
specific carbohydrate (SXIV) and the hog blood group A and O substances 
have been shown to consist of A T -acetylglucosamine and galactose residues. 
By virtue of the cross-reaction of the blood group substances with Type XIV 
antiserum, it would seem reasonable that both the SXIV and the blood group 
substances possess in the basic chain a series of jV-acetylglucosamine-galactose 
residues; the sequence in the various substances not necessarily being identical, 
but giving rise to patterns with certain similarities of structure at various points 
on the chain, much as in the case of the structures proposed for SHI and SVIU 
to explain their cross-reactivity with their heterologous antipneumococcal 
horse sera (20, 21). The blood group substances, unlike SXIV, contain fucose 
residues (8, 9, 15) and bymethylation studies, Bray, Henry, and Stacey (9) have 
shown these to be present as end groups. If these fucose end groups were 
attached to the main N -a cetyl giu cosamin e-gala ctose chain at various points, 
they would project outward and might very well prevent the cross-reacting 
groupings from combining with antibody. Removal of these fucose residues 
might either provide additional cross-reacting sites on the main chain or might 
make possible a closer approach of the antibody molecule to the reactive group- 
ings on the main chain and thereby increase the extent of the cross-reaction as 
has been observed. The fact that the fucose may be easily removed without 
effecting appreciable hydrolysis of the main galactose-glucosamine chain is 
further evidence that the fucose does, indeed, occur as end groups and is not an 
integral part of the main polysaccharide chain. Further examination of the 
data reveals that, for both the hog 29 and hog 15 substances, hydrolysis resulted 
in the splitting off of almost identical amounts of fucose, of galactose beyond 
that necessary for combination with glucosamine, and of amino acid nitrogen. 
Data of this nature indicate that the mild conditions used in these experiments 
produce an orderly cleavage of blood group A and O substances. Fucose and 
galactose arc split off in a ratio of roughly 3:1, and a definite proportion of the 
non-glucosamine nitrogen (amino adds) is liberated suggesting that these 
substances form an easily hydrolyzed unit or units attached to the main poly- 
saccharide chain. It further indicates that there are two types of non-glucos- 
amine nitrogen (amino adds). The labile amino adds may possibly be 
responsible for conferring blood group activity on the galactose-glucosamine 
polysaccharide, since as will be demonstrated in the following paper, the fucose 
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(or- at least some of it) is not necessary for blood group activity. ^Further 
studies will be needed to clarity these relationships. 

The ‘structural relations thus far proposed are in agreement with the data. 
However, they do not provide any explanation of the previous report (1) that 
various samples of blood group A and 0 substances from individual hog 
stomachs show different capacities to react with Type XIV antiserum. This 
will be treated in the accompanying paper (22) in which it is demonstrated that 
the hog blood group substances vary in their fucose content and that the 
capacity of the substance to cross-react with Type XIV antiserum is inversely 
related to its fucose content, providing strong additional evidence for the 
structural relations proposed. 


SUMMARY 

1. The effect of heating at varying pH on the cross-reactivity of hog blood 
group A and O substances with Type XIV antibody has been investigated. 
The hydrolysis of blood group A, B, and 0 substances from hog and human 
sources at pH 1. 5-1.8 resulted in destruction of blood group activity and a 
marked increase in cross-reactivity with Type XIV antipneumococcus horse 
serum. ' 

•2. Analysis revealed the liberation of reducing sugar, most of which was 
dialyzable. It was further shown that the major part of the reducing sugar was 
fucose with small amounts of free and polymerized galactose and glucosamine. 
Non-glucosamine nitrogen, probably amino acids, also was found in the 
dialysate. 

3. Paper chromatographic separation of the concentrated dialysate con- 
firmed the presence of fucose and showed that the majority of the galactose and 
glucosamine occurred in polymeric form. 

4. Quantitative analysis of the substances isolated from the paper showed 
good recovery of the various components, indicating that practically all of 
the material in the dialysate could be accounted for. 

5. The methylpentose of human blood group A substance was identified as 
fucose. 

6. The structure of the blood group substances is interpreted in terms of 
these results. 
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The presence of /- fucose in purified blood group A and 0 substances from hog 
gastric mucosa has been established in three laboratories (1-3). In the preced- 
ing paper (4) it was shown that heating at pH 1.5-1. 8 liberated most of the 
fucose from the polysaccharide. Since the heating at pH 1.5 — 1.8 also increased 
the ability of the blood group substances to cross-react with Type XIV anti- 
pneumococcus scrum, it was suggested that this increased cross-reactivity 
resulted from the removal of fucose residues projecting as end groups from the 
main polysaccharide chain. It had previously been demonstrated (5) that 
preparations of hog blood group A substances from individual hog stomach 
linings varied in their capacity to precipitate Type XIV antibody although 
they were identical in blood group A activity and it was considered of interest to 
investigate the fucose content of these substances to determine whether the 
fucose was responsible for this variation. For this purpose the newly developed 
specific color reaction for methylpentoses (6) was employed and the methyl- 
pentose contents of the various hog and human blood group substances 
determined. These values are assumed to represent fucose which is the only 
mcthylpentose known to be present in the blood group substances (1-4). 
Considerable variation in the mcthylpentose contents of the individual samples 
of blood group substances was found. Among the hog blood group A and 0 
substances the mcthylpentose content varied inversely with the degree of 
cross-rcactivity with Type XIV antipncumococcal serum. 

EXPERIMENTAL 

The individual preparations of ho- ar.d human Wood group substances are identical with 
those dcrcrilicd in the previous studies (2, 7, S). 

’ The work described in this paper was carried out under a research grant from the 
Division of Research Grants and Fellowships of the National Institute oi Health, United 
States Public Health Service, ar.d in part under the William J.Mathcson Commission ar.d the 
Car.rrr Research Division of the Dor.ner Foundation, Ir.c. 
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Methylpentose was determined (6) by slowly adding to 1 ml. of an ice cold solution of the 
blood group substance containing between 3 and 10 pg. of methvlpentose, 4.5 ml. of sulfuric 
acid solution (6 parts of acid to 1 part of water by volume). The addition of the acid was 
made slowly and with constant shaking in an ice bath to prevent a rise in temperature. The 
tubes were transferred to a water bath at room temperature for a few minutes, then to a vig- 
orously boiling water bath, which should not cease boiling when the tubes are inserted. After 
being heated for exactly 3 minutes, the. tubes were placed in a water bath at room temperature. 
0.1 ml. of a 3 per cent solution of cysteine hydrochloride (prepared weekly and stored under 
refrigera don) was added and the tubes were thoroughly mixed. After 2 hours the absorption 
was measured in a Beckman spectrophotometer at 3960 and 4300A, the difference being 
directly proportional to the methylpentose content of the solutions (6). 

TABLE I 


Fucose Content of Hog Blood Group A and 0 Substances 


Blood Rroup 

A substance 

Fucose 

Cross- 

reactivity* 

Blood Kroup 
O substance 

Fucose 

Cross- 

reactivity* 

. 

fer cent 

US- rV 


per cent 

US- A" 

Hog 3 

6.8, 6.6 

.72 

Hog 6 

6.5 

65 

5 

8.2, S.3 


13 

6.S 

64 

8 

7.3 

72 

19 

11.5 

23 

■ 10' 

8.9 

19 

25 

11.2, 14.2 

23 

14 

7.7, 7.S 


27 

7.3, 7.4, 7.S 

SO 

15 

9.9, 9.2 

35 

29 

9.5, S.S, S.9, S.3, S.l 

63 

16 

9.6 

39 

32 

5. 7 

11S 


*lig. of N precipitated by 500 pg. of blood group substance from 0.5 ml. of Type XIV 
antipneumococcus horse serum H635 (c/. 5). 

All analyses for fucose carried out on samples of 50 or 100 pg. blood group substance. 


RESULTS 

That wide differences exist in the fucose content of the individual blood group 
A and O preparations may be seen from Tables I and II. The hog substances 
vary from 6 to about 13 per cent and the human preparations exhibit a somewhat 
similar variation; i.c., 9 to 16 per cent. The average methvlpentose content of 
the human blood group substances (approximately 13 per cent) is higher than 
that of the hog substances (approximately 9 per cent). Table I also gives the 
amount of total nitrogen precipitated from 0.5 ml. of Type XIV antipneumo- 
coccal serum H635 by 500 pg. of the various hog blood group A and O sub- 
stances; with few exceptions data were previously reported (5). Fig. 1 shows a 
plot of the amount of nitrogen precipitated by 500 pg. of hog substance from 
0.5 ml. of Type XIV serum against the percentage of methylpentose. The 
numbers represent the number of the hog blood group preparation. It is 
evident that there is an inverse relationship between the methylpentose content 
of the various hog A and O substances and the cross-rcactivity. A similar type 
of curve was obtained when the amount of nitrogen precipitated by 2a0 pg. of 
blood group substance was plotted against the fucose content of the hog A and 
O substances. 
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No such relationship was evident when the data (5) on the cross-reactivity 
of the human blood group substances were compared with their methylpentose 
contents (Table II). 

TABLE n 

Vucose Content of Human Blood Group A, B, and O Substances 


Blood group 
A substance 


~ j Blood group 

i “ j B substance 

o o j 

u 


c . a 

*£ O 


Blood group 
O substance 


W.H.i 10 per cent |14.0j 55 I S.E. 10 per cent 11.6' 65 j| Bd. phenol-insol. j 8.8 


ppt. j j ppt. i s 

W.H.i phenol-insol. 13. 9i 81 | S.E. phenol-in- 13.0: 56 j Bd. digest of wa- 12. 4J 


\V.H.j 10 per cent 15.4102 I sol. 

ppt. 

W.H.« digest of wa- 12.9 
ter-insol. 10 per 
cent ppt. ; 

W.H. ; undigested 12.3 58 : 
phcnol-insol. 

G.C. 10 per cent 116. 0- 

. PP l - I i 

G.C. phcnol-insol. }l3.0 60 
B.K. phcnol-insol. 12.4 86 '■ 

B.K. 10 per cent 11.0 81 j 
PPt. i 

A.K. 10 per cent 16.4' 

PPt- i 

M.S. 10 per cent 111.4' 
ppt. ! j 

I 

i i 

Amniotic fluid I i 9.6125 
phcnol-insol. i J 

Amniotic fluid I 10 13.3 
per cent ppt. j 

Human stomach 1 1 9 0 65 
Human stomach 2 ill.O 62 
Human stomach 3 ,16.0 29 
Human stomach •} 11.5 50 ; 


ter-insol., phen- | 

ol-insol. j 

| Bd. 10 per cent 8.4; 42 
ppt. j 

Bd. not digested 11.2 
phenol-insol. j 

j Bd. digest of wa- 9.2 
1 ter-insol. 10 per j 

j cent ppt. 1 

F.P. 10 per cent 14.6105 
ppt. 

j F.P. digest of water 18.4 
insol. phenol-in- I 

jj so 1. J 

j F.P. digest of wa- 13.8 
: ter-insol., 10 per j 

I cent ppt. j 

| F.P. not digested 11.2 
j: phcnol-insol. ; 

j: Human stomach 5 ;12.6 72 


% N precipitated by 500 / 4 ^. of blood pro up substance from 0.5 ml. of Type XIV anti- 
pnrumoroccal horse serum 11635 . 


DISCUSSION 


The inverse relationship between cross-reactivity with Type XIV antiserum 
ami furose content provides further information about the structure of hog 


Croav 

reactivity' 
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blood group A and 0 substances. It is in accord with the concept advanced in 
the preceding paper that fucose residues of the blood group substances project as 
end groups, from a basic chain of iV-acetylglucosamine-galactose units and that 
these fucose residues reduce the cross-reactivity of the substances either by 
covering reactive groups on the main chain or by preventing antibody molecules 
from approaching sufficiently close to the main chain to react with free cross- 
reactive sites. The present finding that the individual hog A and 0 substances 
may have different fucose contents (Table I) and that their capacity to cross- 



% Fucose 

Fig. 1. Relation between fucose content and cross-reactivity of hog A and O substances 
with Type XIV antipncumococcal horse scrum JI635. X «= bog A substances; O hog O sub- 
stances'. Ordinate = micrograms N precipitated by 500 /jg. blood group substance from 0.5 
ml. antiserum. 


react with Type XIV antibody varies inversely with their fucose content (Fig. 1 ) 
provides strong support for this concept and in addition accounts completely 
for the variation in cross-reactivity of hog blood group A preparations of identi- 
cal blood group A activity (5). It would appear from the curve in Fig. 1 that 
the ratio of fucose residues to the total number of residues in the main chain 
reaches a limit, which, from the slope of the curve, is probably not much greater 
than about IS per cent, and corresponds to about one fucose side chain to about 
even- three or four hexosc residues in the main chain. 

Since the blood group A substances, which have been shown to be identical 
in blood group A activity, may van* widely in their fucose contents, it is evident 
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that a considerable proportion, of the fucose is not essential for blood group 
activity. For instance hog 16 with 9.6 per cent of fucose showed the same 
capacity to precipitate anti-A and the same purity based on glucosamine 
analyses of specific precipitates as did hog 3 with but 6.6 per cent fucose, hog 8 
with 7.3 per cent, hog 5 with 8.3 per cent fucose, or hog 10 with 8.9 per cent 
fucose (7, 2). Furthermore, the relation between cross-reactivity and fucose 
content does not depend upon whether the individual blood group substance 
exhibits A activity or 0 activity or both, since all of the hog substances lie on 
the same curve (Fig. 1) indicating that blood group specificity is not determined 
by this variation in fucose content. Analyses of specific precipitates of A 
substance and anti-A (7) for their fucose content should provide further 
information on the relationship of the fucose to the blood group substances. 

No correlation between cross-reactivity and fucose content was evident for 
the human blood group substances. This is not surprising since the substances 
appear to show a greater complexity than do the hog substances. The indi- 
vidual human blood group A substances showed greater variability than did the 
hog substances in their analytical properties and in their blood group activity. 
Furthermore, the substances from human saliva after peptic digestion, unlike 
the hog substances, occurred in two fractions, a phenol-insoluble and a phenol- 
soluble fraction from which the blood group substance could be precipitated 
by 10 per cent alcohol. 


SUMMARY 

It has been possible, by employing a new color reaction for metbylpentoses, 
to determine the fucose content of individual hog and human blood group A, B, 
and 0 substances. The data indicate an inverse correlation between fucose 
content of the hog A and 0 substances and ability to cross-react with Type 
XIV antipneumococcus serum. The human A, B, and O substances display 
no correlation between their fucose content and ability to cross-react with 
Type XIV antipncumococcus serum. 
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POLIOMYELITIS IN THE CYNOMOLGUS MONKEY 

I\ 7 . Further Observation's on Exposures Confined to the Stomach and 
Intestines, with Notes on the Fecal Excretion of Virus* 

By HAROLD K. FABER, M.D., ROSALIE J. SELVERBERG, 
and LUTHER DONG 

{From the Department of Pediatrics, Stanford University School of Medicine, 

San Francisco) 

(Received for publication, March 25, 1948) 

In an earlier publication (1) we showed that non-traumatic exposure of the 
stomach and intestines to poliomyelitis virus ( Per strain) without simultaneous 
exposure of the oropharynx and upper esophagus failed to induce infection in a 
series of 26 cynomolgus monkeys; while the same strain administered by simple 
feeding, which involved simultaneous exposure of both the pharyngeal and 
gastrointestinal levels, had been shown by Sabin and Ward (2) to induce infec- 
tion in 40 per cent of 15 tests. These observations strongly suggested that the 
gastrointestinal mucosa, as compared with the oropharyngeal, was relatively 
impervious to poliomyelitis virus, casting doubt on the validty of the concept 
that the gastrointestinal tract is the usual portal of entry in this disease. 

This earlier study was an exploration which we desired not only to repeat 
with another strain of virus, preferably recently isolated, but also to amplify 
and expand. In particular we were anxious to observe the appearance and 
persistence of virus in the stools which is one of the conspicuous features of 
human poliomyelitis and which has not as yet been adequately explained. In 
the first study, probably because of the inadequacy of the technique then 
available for virus recovery from stools, we failed to detect virus in the stools 
of anj’ of the treated animals tested. We also desired to discover whether 
intestinal exposure alone, without infection, would set up a state of resistance 
to later intracerebral inoculation. It will be recalled that in the previous study 
(3), during which a series of other exposures to virus followed the gastro- 
intestinal, 4 of 5 of the surviving animals displayed a limited resistance to later 
intracerebral inoculation. 

The present experiments concern IS cynomolgus monkeys fed by capsule by 
the same method as was used in the earlier study, and the results will be related 
to those of simple feeding of the same strain of virus, which we are reporting 
elsewhere (4). 

experimental methods 

Arrangement cf Animals . — All monkeys used in this experiment were J/. irus (cyr.cr-.clgus) 
Imrn the Philippine Islands, receives! on Oct. 7, 1916. On Oct. 23, 22 normal, healthy monkeys 

* Aided by a prant from The National Foundation for Infantile Paralysis, Inc. 
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were separated into 3 groups of 6 each for the experiment, and one group of 4 as controls. The 
animals of each group were in adjacent cages, containing 2 each, but the groups were separated 
by a distance of at least 3 feet. 

Preparation oj Virus— The Cam strain, isolated in this laboratory in July, 1945, from stools 
of a mild paralytic human case of poliomyelitis, was used throughout, in a mixture of the first 
five passages. This strain has produced infection, frequently in mild form, in S7 per cent of 
rhesus and 94 per cent of cynomolgus monkeys inoculated intracerebrally. Of 6 monkeys fed 
this strain mixed with the regular diet, 3, or 50 per cent, succumbed to the disease (4). The 
variability of clinical manifestations has been reminiscent of that seen in outbreaks of the 
human disease, some of the infections being non-paralytic, some monoplegic, a few bulbar, 
and only rare ones, fulminant. 

A mixture of histopatholgically proved, severely involved segments of spinal cord from 
10 paralyzed rhesus monkeys sacrificed 5 to 15 months previously was used as virus. 45 
gm. of tissue, which had been stored on dry ice, was emulsified in a Waring blendor with 70 cc. 
of cottonseed oil. The same suspension was used throughout, being stored on dry ice between 
feeding periods. Enough suspension for a single feeding period was thawed when needed, 
and kept in the refrigerator until used. 

Preparation and Administration of Capsules Containing Virus. — The required number of 
number 4 gelatin capsules for one feeding only were filled with well mixed suspension and 
immediately coated with a heavy layer of crisco. 1 There was no visible contamination of the 
outside of the capsules while filling or coating. Three capsules were placed in a specially 
constructed curved metal cannula, which was then placed in the esophagus of an unanesthe- 
tized monkey. The capsules were forced out by means of a closely fitting metal obturator. 
In a few instances, unopened capsules returned to the mouth as a result of gagging, but were 
immediately reintroduced into the esophagus. No subsequent regurgitation was observed. 
Monkeys were given capsules before the morning meal on 3 successive days and received 
approximately 1.2 gm. of cord (wet weight) in this period. The dates of feeding and the inter- 
val between feedings in those animals exposed more than once are stated below. 

Intracerebral Challenge. — The animals of each group were tested for possible refractoriness 
by intracerebral (intrathalamic) inoculation approximately 5 weeks after the last feeding for 
the particular group. Fourth passage Cam virus was used for the purpose, in 20 per cent 
concentration for group I, and 10 per cent concentration for groups II and III. The 4 control 
animals were inoculated intracerebrally at the same time and with the same amounts as group 
III, which also served as a test of the activity of the virus. 

RESULTS 

Group I. One Scries of Feedings. — Oct. 30, 31, Nov. 1, 1940: 0 monkeys (Cl— 10, Cl-13. 
Cl-14, Cl-15, Cl-16, Cl— 27) were given 3 capsules each day. Nov. 11, 1946: Cl— 1-1 became 
paralyzed and was sacrificed. Dec. 2, 1946: the remaining 5 animals were challenged by 
intrathalamic inoculation of 0.S cc. of 20 per cent Cam strain (4th passage). Dec. S-12, 1946: 
all 5 became paralyzed and were sacrificed. 

Protocol, Cl-14. ~ Oct. 30, 31, Nov. 1, 1946: 3 capsules daily were administered, as alxn-e 
noted. Nov. 4-9, 1946: no symptoms were noted. Virus was recovered from pooled stools 
of the entire group up to Nov. 3, 2 days after feeding, and from stools of Cl-14 pooled with 
collected during the period Nov. 4-9. Stools from all other animals were negative 
during the latter period. Nov. 10, 1946: the temperature was 103.0' 3 , about a degree alwc 
normal for the animal. No clinical symptoms were observed. Nov. 11, 1946: the tempera- 

j Crisco is stated by the manufacturer, Proctor and Gamble, Cincinnati, to be "a pure 
vegetable shortening.” 
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ture was 103.3°. There were slight tremor, slight overbreathing, easy fatigability, and paral- 
ysis of the left arm. No bulbar symptoms were noted. The animal was sacrificed immedi- 
ately for histological study. Colon contents were removed and found to contain virus. It 
thus seems fairly certain that virus recovered from the stool pool from Cl— 14 and Cl— 15 came 
from Cl-14. 

Microscopic Examination. — The olfactory bulbs and tertiary olfactory centers were normal 
throughout. Minimal Pvl and PrF were found in the hypothalamus, but only Pvl in the 
thalamus. Lesions in the midbrain were confined to the reticular formation and the right 
mesencephalic nucleus of the fifth crania! nerve. Comparable lesions were found in the locus 
coeruleus on the same side. In the pons, involvement of the reticular formation increased in 
intensity from minimal rostrally to moderate caudally. The main sensory' nucleus of the 
fifth nerve showed minima! lesions on the left side only, while the nucleus of the spinal tract 
of the fifth nerve was questionably involved on theleft and moderately so on the right. Lesions 
in the right spinal V nucleus were more marked than elsewhere in the pons, with the exception 
of the reticular formation. Minimal lesions were found in both vestibular and both motor VII 
nuclei. In the medulla, moderate involvement was found in the reticular formation and the 
left hypoglossal nucleus, minimal in the olive, and none elsewhere. 

Scattered lesions of varying severity were found throughout the spinal cord, more marked 
in the cervical regions. Several levels were free of lesions excepting an occasional small Pvl. 
The sympathetic columns showed no involvement of nerve cells at any level; at Ti there were 
a few scattered infiltrating microglial cells, and at Tn there was a small Pvl with PrI medial 
to the column with a few infiltrating cells in the column itself apparently extending from the 
adjacent lesion. 

Of the peripheral ganglia of the cranial nerves, only the Gasserians were significantly 
involved. Moderate to marked PrI with marked neuronophagia was found on both sides. 
It should be noted in this connection that the central sensory connections of the V nerve were 
only minimally involved on the left side and moderately so on the right where a large well 
isolated focus was found in the spinal V nucleus in the pons. The greater severity of lesions 
in the peripheral component of the fifth cranial nerve system suggests to us tb3t lesions in the 
Gasserian ganglia were of centripetal origin. Other cranial nerve ganglia contained only 
minimal infiltrative fori of questionable significance, or none whatsoever. 

The celiac ganglion showed a few infiltrative lesions but no neuronophagia. One superior 
cervical sympathetic ganglion showed marked lesions with probable neuronophagia; the other, 
only minor lesions. The stellate, thoracic sympathetic, lumbar sympathetic, and spinal 
ganglia were not studied. 

The distribution of lesions in this animal was compatible with and rather 
suggestive of entry of infection through the nasopharynx by way of the fifth 
cranial nerve; for entry via the sympathetics of the head and intestinal areas 
the evidence is much less suggestive but not wholly incompatible since lesions 
were observed in their peripheral components (ganglia) and some minor ones 
were found at least adjacent to their central stations (sympathetic columns of 
the cord) at two of the corresponding levels. While it is true that contamina- 
tion of the oropharynx was carefully avoided in the original administration of 
virus, secondary contamination from infected stools could not be avoided, 
•and may explain the apparent oropharyngeal porta! of entry. The possibility 
of unobserved regurgitation of fed virus cannot be entirely excluded. 

‘ PrI, parcnchyjr.nl infiltration. Pvl, perivascular infiltration. 
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Group II. Two Series of Feedings.— Oct. 30, 31, Nov. 1, 1946: 6 animals (Cl-17, Cl-23, 
C1-2S, Cl-29, Cl-30, and Cl-33) were given 3 capsules each day. Dec. 2, 3, 4, 1946: all 
animals having remained well, they were again given 3 capsules each day. Jan. 6, 1947: all 
6 having remained well, their susceptibility was challenged by in tra thalamic inoculation of 
0.8 cc. of 10 per cent Cam virus (4th passage). Jan. 12-15, 1947: all 6 became paralyzed and 
were sacrificed. 

Group III. Three Scries of Feedings— Oct. 30, 31, Nov. 1, 1946: 6 animals (C1-1S, Cl-19, 
Cl-20, Cl-21, Cl-22, and Cl-24) were given 3 capsules each day. Dec. 2, 3, 4, 1946: all 
having remained well, they were again given 3 capsules each day. Jan. 6, 7, S, 1947: all having 
remained well, they were again given 3 capsules each day. Feb. 14, 1947 : all having remained 
well, their susceptibility was challenged by intrathalamic inoculation of 0.S cc. of 10 per cent 
Cam virus (4th passage). Feb. 20, 1947: Cl-20 died of intcrcurrcnt causes, without observed 
symptoms of poliomyelitis, but showed typical lesions in the spinal cord. Feb. 21-25, 1947: 
the remaining 5 animals became paralyzed and were sacrificed. 

Controls. — Feb. 14, 1947: 4 animals (Cl-11, Cl-25, Cl-26, and Cl-34) 'were housed 
throughout the experiment in the same room as those exposed to virus. They were inoculated 
intrathalamically on this date with 0.S cc. of 10 per cent Cam virus, (4th passage). Feb. 
21-25, 1947: all 4 became paralyzed and were sacrificed. 

Stool Collection and Preparation . — Stools were collected daily, kept separate with regard 
to cage (2 monkeys per cage), but pooled by time interval, and stored on dry ice until pre- 
pared for inoculation. 

All stools passed during the 48 hours before the first administration of virus were saved as 
normal controls. Feeding period stools were collected from the afternoon of the day of the 
first capsule feeding until 48 hours after the last; i.c., until all ingested virus could reasonably 
be assumed to have left the alimentary tract. Thereafter, stools were collected in weekly 
pools from 9 a.m. Monday morning until 12 noon Saturday. An interval of from 1 to 3 days 
elapsed between the end of the "feeding period” collection and the beginning of the next 
collection. 

Heavy suspensions, in distilled water, of the stools from each cage were prepared in a Waring 
blendor. After preliminary centrifugation for about $ hour at 1600 K.p.xr., the turbid super- 
nale was clarified by centrifugation at IS, 000 K.p.xr. for 20 minutes. The clear supernates 
were then pooled by groups and centrifuged for 4 hours at 18,000 K.p.xr. in the presence of 10 
per cent normal monkey scrum by the method developed in this laboratory (5). The pellets 
were resuspended in saline and stored on dry ice. While toxic reactions to intracerebral inocu- 
lation of material prepared by this technique arc very few, they have occasionally occurred. 
Further high speed centrifugation at IS, 00 0 K.p.xr. for about 20 minutes after thawing and 
just before inoculation results in a water-clear, colorless suspension, completely devoid of 
toxic effects. 

One monkey each was inoculated intracerebrally with stool concentrate from each group 
of experimental animals. When the result was equivocal, a second animal was inoculated 
with the same material. Supernatc was saved from thcoriginal suspensions prepared, so that 
pools could be broken down to individual cages if necessary. All animals remaining free of 
symptoms for4 weeks xverc sacrificed for microscopic examination of the brainstem for evidence 
of inapparent infection. 

Results of Tests for Virus in the Stools 

These are summarized in Table I. Virus was recovered from .til group.-, 
during the feeding periods with the exception of group HI at the time of the 
second feeding. Only one interim pool was positive, that of group I, collected 
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6 to 11 days following the first feeding. This group contained Cl-14, the 
animal which developed fever the 1st day and paralysis the 2nd day after the 
pool was closed. Stools from each of the 3 cages housing the 6 monkeys of 
this group were then tested separately ; the only positive result was from the 
cage of Cl-14 and Cl-15. Cl-14 was sacrificed and virus recovered from 
its intestinal contents. Cl-15 remained in the group from which stool was 
collected beginning the day on which Cl-14 succumbed (Cl-14 having been 
removed and the cage cleaned just before the collection began), and the pools 

TABLE I 


Virus in Stools after Capsule Feeding 


Days o! experiment when stools were collected 

Group I 

Group II 

Group HI 

Controls 

Control (before feeding) 

0 

— 

— 

— 

1-5 (1st feeding period, 1-3) 

+ 

_L 

O- 

— 

0-11 

+* 

0 

0 

0 

13-18 

0 

0 


0 

20-25 

0 

— 

— 

— 

27-32 


— 

— 

— 

34-3S (2nd feeding period, 34-36) 


~r 

0 

0 

4H6 


0 

0 

0 

48-53 


0 i 

p* 

— 

55-01 



— 1 



62-OS 





„ 

09-73 (3rd feeding period, 09-71) 



+ 

0 

76-SI 



0 

0 

S3-8S 



0 

— 


+ , lest positive. ?, questionable inapparent infection in animal inoculated with stool. 
0, test negative. — , stool not tested. 


• Vims in this pool was traced to Cl-14, the animal which developed polio myelitis (sec 
protocol). 

were negative during this and the following week. There can therefore be 
little doubt that the virus detected in the 6 to 11 day pool came from Cl-14. 

A very questionably positive test for virus was found in the animal subinocu- 
latcd with stool from group III during the 2nd week after the second feeding. 
No clinical signs of infection were noted. Scattered Pvl and rare PrI, but no 
neuronophagin, were found in the brainstem from the thalamus down to the 
upjxtr medulla. A cynomotgus monkey Later inoculated with the same material 
remained well. 


DISCUSSION 

Our present experiments, as well as those previously reported, show that 
when virus i« administered in such a way as to expose only the lower alimentarv 
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tract, avoiding contamination of the oropharynx as far as possible, poliomyelitic 
infection rarely supervenes. In the present series of 18 cynomoJgus monkeys 
fed a total of 36 times by capsule inserted into the esophagus, only one case of 
poliomyelitis occurred; and in the previous series of 26 animals, each fed once 
by the same method, no cases occurred. Thus, in 44 animals with a total of 
62 capsule-feedings, poliomyelitis resulted only once. In sharp contrast with 
this, is the high proportion of takes after simple oral feeding with oropharyngeal 
as well as gastrointestinal exposure (2, 4). 

Granting that in the single case of poliomyelitis after capsule feeding and in 
one of the cases of simple feeding (4) entry may have occurred through the 
intestine (proof of which is not conclusive), the evidence substantiates our 
earlier conclusions that the oropharynx is a more favorable site for entry of 

TABLE H 


Results of Simple Feeding as Compared with Capsule Feeding 


♦ 

i Simple feeding 

I Capsule feeding 



Both 

Per virus 

Cam virus 

Both 

Monkeys tested 

15(2) 

6 

21 

26 

mm 

44 

Positive 

! 6 

3 

9 

0 

SI 

1 

Positive, per cent 

40 

50 

43 

0 

mm 

2.3 


* Distribution of lesions in this animal suggests oropharyngeal entry rather than in- 
testinal. 


poliomyelitis than is the intestine, and that the latter is relatively impervious 
to the virus. 

This conclusion has, we believe, an anatomical basis which would apply to 
man as well as to the lower primates. If, as we have elsewhere suggested (6), 
poliomyelitic infection enters tire body through the superficial fibers (tclo- 
dendria) of the regional nerve supply where virus is deposited, the reason for 
the failure of virus in the intestinal canal to cause infection may be looked for in 
the anatomical arrangements of its terminal nerve fibers. The absence of 
sensation for touch and pain excepting in the mesentery (7) (Valcr-Pacinian 
receptors) indicates that there are no exteroceptive endings in the epithelium; 
and the histological studies of Cajal (S) and of Oshima (9) show clearly that 
such nerve fibers of any kind as approach the epithelial surface penetrate no 
farther than to the subepithclial level; they would, therefore, appear to be 
protected from direct contact with intestinal contents and so with virus in the 
contents, unless the integrity of the epithelial layer were broken. Although 
further study of the point is desirable it appears that in the pharynx and 
mouth the te’lodendria of regional nerves, at least of the trigeminal (10), actually 
do penetrate between the epithelial cells to the surface and thus arc in a posi- 
tion to afford direct contact with virus lodged on the surface. If this is correct, 
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the relative ease with which infection can enter through the oropharyngeal 
surfaces obtains an anatomical explanation. The normal oropharynx would, 
so far as its superficial nerves are concerned, present an open door to polio- 
myelitis virus but the same would not be true of the lower alimentary tract, 
where trauma or ulceration of the surface would presumably be required for 
entry. 

Another mode of invasion through the surface," by lymphatic absorption, 
deserves consideration. Since Flexner and Clark’s (11) original observations 
it has been known that in poliomyelitis, virus is not uncommonly present in the 
tonsils and sometimes in other regional lymph nodes, including the cervical 
and mesenteric (12). The possibility therefore exists that virus might make 
its primary entry by the lymphatics and after deposit in lymph nodes make 
contact with nerve elements to produce the initial infection. The present 
experiments argue against such a theory, since lymphatic absorption is prob- 
ably much greater in the intestine than elsewhere in the body, whereas infec- 
tion via the intestine occurred no more than twice despite heavy exposures. 

The conditions under which virus appeared in the stools, and then disap- 
peared or persisted deserve attention. It appeared quite regularly during the 
immediate periods after feeding, and, with a single exception, disappeared 
thereafter. Obviously, the intestinal mucosa was in all instances thoroughly 
exposed and the virus had an excellent opportunity to implant itself upon and 
to multiply in the intestinal epithelial cells if they are in fact potential hosts 
to the virus, as is suggested by the comments of Evans and Green (13). Never- 
theless, the only instance in which virus was recovered from the stools after the 
immediate feeding period occurred in the animal that developed manifest 
poliomyelitis. The inference is therefore at least tentatively permissible that 
intestinal epithelium is not a suitable host for this particular virus, and that 
it appears in the stools of subjects of the disease by a process of excretion from 
infected nerve tissue. Preliminary observations on the mechanism of excretion 
of poliomyelitis virus, pointing in that direction have already been published 
by us (14), and others will, it is expected, appear later on. 

Tests for resistance to poliomyelitis virus following gastrointestinal exposure 
without infection were uniformly negative. The method of intracerebral inoc- 
ulation with large doses of virus is obviously the severest possible test, and 
would fail to reveal such lesser degrees of immunity as might conceivably have 
occurred. 


SUMMARY 

36 exposures of the stomach and intestines of 18 cynorr.olgus monkevs to 
large doses of poliomyelitis virus by a method designed to avoid simultaneous 
exjKJSurc of the oropharynx and upper esophagus induced poliomyelitis in 
only one instance. 

These observations are to be compared with a previous study in which ex- 
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posures of the entire alimentary tract including oropharynx and upper esopha- 
gus by simple feeding of comparable amounts of the same strain resulted in 
poliomyelitis in half of the test animals. 

In the capsule-fed animals virus regularly appeared in the stools during and 
immediately after the feeding periods but disappeared thereafter excepting in 
the single case of poliomyelitis, in which it persisted. 

No evidence of resistance to subsequent intracerebral inoculation was ob- 
served in the uninfected capsule-fed animals. 

CONCLUSIONS 

1. The gastrointestinal mucosa appears to be relatively impermeable to 
poliomyelitis virus. On the experimental evidence as well as on anatomical 
grounds we regard the gastrointestinal mucosa as an infrequent and exceptional 
portal of entry. 

2. The experiments suggest that persistence of virus in the stools in polio- 
myelitis is due to excretion, presumably originating in infected nervous tissue, 
rather than to multiplication of the agent on intestinal epithelium. 

3. Exposure of the gastrointestinal epithelium without resulting infection 
failed to produce immunity to intracerebral inoculation. 
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THE EFFECT OF SPHINGOMYELIN ON THE GROWtH OF 
TUBERCLE BACILLI 

By RENfi J. DUBOS, Ph.D. 

(From (he Laboratories of The Rockefeller Institute for Medical Research) 
(Received for publication, March 22, 1948) 

The enhancing effect of the synthetic vetting agents Tween 40, Tween 60, 
and Tween 80 on the growth of tubercle bacilli is due in part to the fact that 
these water-dispersible esters constitute for the bacteria a non-toxic source of 
palmitic, stearic, or oleic acid. Indeed, enhancement of growth can also be 
observed with the sodium soaps of these same fatty acids, as well as of linoleic, 
linolenic, and arachidonic acids, provided that the bacilli are protected against 
the toxic action of these soaps, for example by the addition of serum albumin 
to the medium (6). 

In addition to long chain fatty acids, there exist in tissues other lipids which 
enhance the growth of tubercle bacilli (1, 2, 5, 10). Further study' of this 
problem has led to the recognition that, in this respect, sphingomyelin is more 
active than any of the other naturally' occurring phospholipids and cerebrosides 
tested in our laboratory. It will be shown in the present paper that the addi- 
tion to simple culture media of sphingomyelin prepared from various tissues 
markedly increases the density' of growth within a short period of incubation 
and also facilitates initiation of growth from small inocula, even in the absence 
of scrum albumin or other protein. 

EXPERIMENTAL 

All experiments described in the present report were carried out with a virulent culture of 
the strain of human tubercle bacillus H37Rv recently recovered from infected mouse lung and 
maintained in the Tween-albumin medium described elsewhere (S). The 10 day old culture 
used for inoculation consisted of finely dispersed bacilli and contained approximately 0.3 S 
mg. bacillary cells (dry weight) per cc. of medium. 

The basal medium used in the experiments had the following composition: 


KH:1'0, 

1.0 

PU-] 


Xn.-lH'O,- 12 11,0 

6.3 

«« 1 

j 

f heat in 100 cc. distilled water to dissolve 

Asparagine 

1.0 

■■ J 


Add: 

llistillcd water 

I'.nr y.-r.at ic digest of casein 

830 cc. 
0.5 

grin. 

(10 cc. of a S per cent solution in distilled 

ZnSOj 

0.001 

4 « 

water) 

(1 cc. of a 0.01 per cent solution in dis- 

1 erric ammonium citrate 

0.033 


tilled water) 

Mr SO,. 7 11:0 

0.01 


(1 cc. of a 1 per cent solution in distilled 
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CaCJ 2 

I* 

CuSO< 

Adjust pH to 6.5 


0.0005 gm. (1 cc. of a 0.05 per cent solution in dis- 
tilled water) 

0.0001 1 cc. of a 0.01 per cent solution in dis- 

tilled water) 


_ It; was distributed in 3 cc. amounts in pyres glass tubes 25 mm. in diameter. For reasons 
given in an earlier publication, aluminum caps were used instead of cotton plugs (7). The 
other ingredients were added, as indicated in the test, either before autoclaving or aseptically 
as sterile solutions. 

Serum albumin was the fraction V of bovine plasma. It was dissolved in a concentration 
of 5 per cent distilled water. The solution was sterilized by filtration through a porcelain 
candle. 1 

The non-ionic wetting agent Triton A20 5 was added to the medium in a number of tests. 
This wetting agent is a heat-stable arylalkyl polyether of phenol which disperses the cultures 
of tubercle bacilli without increasing the yield of growth. Its properties will be further dis- 
cussed in a subsequent publication. 

Most of the preparations of sphingomyelin, cerebroside, lignoccric amide, lignoccric acid, 
and sphingosine used in the present study were obtained from the chemical collection of the 
late Dr. P. A. Levene maintained at the Rockefeller Institute. The chemical structure and 
properties of these substances as well as the methods involved in their preparation have been 
described in references 9 and 11. A sample of pure lung sphingomyelin was generously 
supplied by Dr. S. J. Thannhauscr of Joseph H. Pratt Diagnostic Hospital, Boston; this 
material had been freed of contaminating dipalmityl glyceride by the technique described in 
reference 12. 

All preparations of lipids were dispersed in distilled water starting from chloroform solu- 
tions whenever necessary. Sphingomyelins and cercbrosides were sterilized by three con- 
secutive heatings at S0°C., although more recent tests indicate that their effect on the growth 
of tubercle bacilli is not appreciably modified by autoclaving in the basal medium. 

AH lipids imparted a certain degree of opalescence to the medium. It was observed that 
complete dispersion of sphingomyelin, resulting in a clear medium, could be obtained by adding 
to the medium the wetting agent Triton A 20 (sec above) in a final concentration of 0.01 
to 0.02 per cent. 


Effect of Sphingomyelin and Cerebroside Preparations on (he Grencth of Tubercle 
Bacilli. — The yield of bacilli within a given period of incubation and the ability 
of the medium to allow proliferation of very small inocula have been used as 
criteria in the following experiment to compare the growth-promoting properties 
of sphingomyelins and cercbrosides and of serum albumin. 


The preparations of sphingomyelin and cerebroside to be tested were a dried in 0.3 cc. 
amounts of emulsions of various concentrations to 3 cc. of the basal medium. Albumin (0.3 
cc. of 5 per cent solution), orwatcr, was used for the control media. Four sets of each medium 
were prepared; to two had been added 0.02 per cent Triton A20 prior to autoclaving. The 
tubes were inoculated with 0.003 or 0.000003 cc. of a 10 day old culture of II37Rv in Tween 
albumin medium, diluted in 0.3 cc. distilled water. These inocula corresponded approxi- 
mately to 3 X 10'< and 3 X 10~ 7 mg. of dry bacilli per cc. of medium. Final readings of 


• Bovine albumin (scrum fraction V) was obtained in a desiccated form from Armour 
Laboratories, Chicago. 

= Triton A20 was generously supplied by Rohm and Haas Company, FtohfJcipinn. 
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macroscopic evidence of growth, confirmed in some cases by microscopic exa min ation, were 
made after 10 days’ incubation at 37°C. 


TABLE I 

Comparative Ejects of Sphingomyelins, Cerebrosides, and Serum Albumin on the Growth of 

Tubercle Bacilli 


Inoculum H37Rv (mu- dry bacilli per cc. 
medium) 


Test substances added to the medium 


3 X 10-< 

3X I0~* 


Basal me- 


Basal me- 

Basal 

d turn -f* 0 .02- 

Basal 

dium -f- 0-02 

1 medium 

! 

per cent 
Triton A 20 

medium 

percent 
Triton A2Q 


Kidney sphingomyelin P.A.L. (1126) 0.05 

0.01 


(1127) 0.05 

0.01 


" (1131)| 0.05 

t 0.01 


Thannhauser 


Ccrcbron 


P.A.L. (928) 


Cerebron 


I’hrcnosin 


Scrum albumin 
11:0 


* The initials I’.A.L. indicate that the materia! was obtained from the chemical collection 
of the late Dr. F. A. Lcvcnc maintained at the Rockefeller Institute. The number in paren- 
theses refers to the classification number in this collection. The sample of lung sphingo- 
myelin was received from Dr. S. J. Thannhauser of Boston. 

1 The amount of growth is indicated in terms of an arbitrary ascending scale (from 0 to S> 
bn«ed on gross macroscopic examination. The figure 8 corresponds to approximately 0 mg. 
dry bacilli per cc of medium. 


The results presented in Tabic I show that, after 10 days' incubation, growth 
in the absence of cither serum or lipid could be detected only in the tubes having 
received the larger inoculum. At that time, growth was alma,'- • ‘ *' 
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albumin media irrespective of the size of the inoculum. The cerebroside 
preparations did not improve, and in fact decreased, the ability of the medium 
to support the growth of the small inocula. All preparations of sphingomyelin, 
on the contrary, were almost as effective as serum albumin in enhancing the 
yield of bacilli and in allowing the proliferation of the small inocula. Addition 
to the medium of the wetting agent Triton A20 improved the performance of 
sphingomyelin on several accounts: (a) it dispersed the phospholipid, thereby 
rendering the medium more limpid; (b) it increased the bacillary yield; (c) it 


TABLE n 

Comparative Protective Ejects of Sphingomyelin and Albumin against the Toxicity of Fatly Acids 


Final concentration in basal medium of 

Growth 10 days after 
inoculation with 3 X 10'* mg. 
H37Rv per cc. medium 

Fatty acid 

Albumin 

Sphingomyelin 

per cent 

p.r cent 

per cent 


Oleic acid 0.03 

0 

0 

0* 

tt tt tt 

0 

0.1 

7 

tt ti a 

0.5 

0 

S 

“ “ 0.01 

0 

0 

0 

tt tt tt 

0 

0.1 

7 

u it a 

0.5 

0 

7 

Laurie acid 0.01 

0 

0 

0 

it it U 

0 

0.1 

5 

tt tt tt 

0.5 

0 

6 

Capric acid 0.01 

0 

0 

0 

it tt n 

0 

0.1 

5 

a tt ft 

0.5 

0 

6 

h 2 o 

0 

0 

3 

tt 

0 

0.1 

5 

it 

0.5 

0 1 

6 


* Symbols same as in Table I. 


caused the growth to be fairly well dispersed (diffuse growth) instead of being 
granular as was the case in media containing either albumin or lipids without 
the wetting agent. 

The Neutralizing Eject of Sphingomyelin on the Toxicity of Long Chain Tally 
Acids. — As shown in earlier publications, senim albumin promotes the pro- 
liferation of small inocula of tubercle bacilli not necessarily by supplying 
nutritive factors, but rather by protecting the organisms against the toxic effect 
of various injurious agents (3, 4, 7). The following experiment reveals that 
sphingomyelin can exert a similar protective effect against the toxicity of long 
chain fatty acids. 

The sodium soaps of caproic, lauric, or oleic acid were added to the basal medium in the 
concentrations indicated in Table II. Different samples of sphingomyelin were added in 
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amounts of 0.3 cc. of 1 per cent emulsion per 3 cc. of medium, in comparison with 0.3 cc. of 5 
per cent albumin or 0.3 cc. of water. All tubes were inoculated with 0.003 cc. of H37Rv 
culture in Tween-albumin medium diluted in 0.3 cc. distilled water (corresponding approxi- 
mately to a final inoculum of 3 X 10 ~* mg. dry bacilli per cc. of medium). Macroscopic 
evidence of growth was read after 10 days’ incubation at 37 C C. The results are recorded in 
Table II (the data refer to only one of the preparations of sphingomyelin tested : P. A. L. 1127). 

The results presented in Table II confirm earlier findings that the inhibitory 
effect of long chain fatty acids on the growth of tubercle bacilli can be neutral- 
ized by addition of serum albumin to the medium and establish that sphingo- 
myelin exhibits a similar protective effect. It is of interest in this respect that 
addition of this phospholipid to emulsions of sodium soaps increases appreciably 
the apparent water solubility of the latter, suggesting the formation of a com- 
plex such as has been recognized to occur between fatty acids and albumin. 

The Effect oj Lignoceric Acid on the Growth of Tubercle Bacilli. — Sphingomye- 
lin is a diaminophospholipid in which a C24 hydroxy acid (lignoceric acid) is 
combined in amide linkage with the base sphingosine, phosphocholine being 
estcrified on the latter. We have not yet studied the effect of phosphocholine 
on bacterial growth. All samples of sphingosine tested so far have failed to 
enhance and indeed have caused a marked inhibition of growth; the nature of 
this inhibition will be considered in a subsequent publication. On the contrary, 
both lignoceric acid and its amide have been found to exert a beneficial effect 
on growth as shown in the following experiment. 

Solutions of lignoceric acid and lignoceric amide in chloroform were added in graded 
amounts to the basal medium containing 0.02 per cent of Triton A20. Constant agitation 
while heating to eliminate the chloroform yielded a fairly stable emulsion of the lipids in the 
medium, despite their very low water solubility. The media were distributed in 4 cc. amounts 
in test tubes (25 mm. diameter) and autoclaved. Scrum albumin was then added in final 
concentrations of 0.5 per cent to a duplicate set. The inoculum was 0.04 cc. or 0.004 cc. of a 
10 day old culture of H37Rv diluted in 0.4 cc. distilled water (this corresponded approximately 
to inocula of 3 X 10~ 5 or 3 X 10~ s mg. dry bacilli per cc. of final medium). Macroscopic 
evidence of growth was recorded after 10 days’ incubation at 37 C C. 

The results presented in Table III establish that, like sphingomyelin and 
oleic acid, lignoceric acid and its amide can enhance the growth of tubercle 
bacilli. The latter substances allow growth of small inocula and are therefore 
less toxic than oleic acid. This may be due to their very low solubility in water 
ami. in the case of lignoceric amide, to the fact that the carboxyl group is 
masked. 

On the basis of the information summarized in Tables II and III, it appears 
therefore that sphingomyelin exerts a favorable effect on growth by a dual 
mechanism. Like scrum albumin, on the one hand, it protects tire bacilli 
against certain toxic effects, in particular those of long chain fatty acids. On 
the other hand it constitutes a water-dispersible source of lignoceric acid which 
available for metabolic utilization. In addition to their bearing on the 
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metabolism of tubercle bacilli, these facts may be of significance in the analysis 
of the factors which condition tire proliferation of tubercle bacilli in vivo. 
Although sphingomyelin was first recognized in nervous tissue, it appears to 
be a constituent of many if not of all types of cells; and it is probable that its 
release from these cells at the site of infection and in caseous material would 
not be without effect on the growth of the bacilli. 

TABLE III 


Comparative Effects of Sphingomyelin, Lignoccric Acid and Amide, Sphingosinc and Oleic Acid 
. on the Growth of Tubercle Bacilli 





Inoculum H37Rv (me 
mcc 

dry bacilli per cc. of 
lium) 

Test substances added to the medium 

3 X 10-» 

3 X 10'« 


Source* 

1 Final concen- 
tration 

Basal 

medium 

Basal me- 
dium-!- 0.5 
per cent 
albumin 

Basal 

medium 

1 Basal me- 
dium +0.5 
per cent 
albumin 

Sphingomyelin 

P.A.L. (1127) 


S* 

S* 


s* 

Lignoceric acid 

“ (1076) 

■ 

7 

s 


s 

(f it 

" (1077) 

a 

7 

s 


8 

“ amide 

“ (1074) 

0.012 

7 

s 


S 

Sphingosine 

“ (1140) 

0.01 

0 

4 

0 

0 

Oleic add 


il 

0 

S 

0 

6 

u u 


0.003 

0 

S 

0 

6 

H;0 



4 

6 

0 

4 


* Symbols same as in Table I. 


SUMMARY 


All preparations of sphingomyelin tested, whatever the tissues from which 
they originated, were found to enhance the growth of tubercle bacilli in vitro. 
Cerebrosidcs were inactive in this respect. 

Sphingomyelin promotes growth through two independent mechanisms: 

(a) It neutralizes the toxicity of long chain fatty acids probably by forming 
with them inert complexes. This protective effect facilitates initiation of 
growth from small inocula. 

(b) It supplies to the bacteria lignoccric acid (or its amide) which is utilized 
for growth. The base sphingosinc, another component of sphingomyelin, 
does'not favor and probably inhibits proliferation of tubercle bacilli. 
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THE EFFECT OF WETTING AGENTS ON THE GROWTH OF 
TUBERCLE BACILLI 


By RENT J. DUBOS, Ph.D., and GARDNER AUDDLEBROOK, M.D. 

(From the Laboratories of The Rockefeller Institute for Medical Research) 

(Received for publication, April 1, 1948) 

It is possible to obtain finely dispersed growth of tubercle bacilli by adding 
to the media in which they are cultivated certain non-ionic wetting agents. 
The polyoxyethylene esters of oleic arid (Atlas G-2144), lauric arid (Atlas 
G-2124), sorbitan monooleate (Tween 80), sorbitan monostearate (Tween 60), 
sorbitan monopalmitate (Tween 40), and sorbitan monolaurate (Tween 20), 
have proven especially effective in this respect. In addition to their wetting 
effect on the cell, certain of the water-dispersible esters just mentioned are 
capable of enhancing the growth of many strains of tubercle bacilli, probably 
by supplying them with long chain fatty acids in a non-toxic form available for 
metabolic utilization (3). Unfortunately, the ester linkage in these wetting 
agents is susceptible to enzymatic hydrolysis by lipases, a fact which prohibits 
their use in media containing animal tissues or fluids rich in these enzymes. 
It is therefore desirable to find other types of wetting agents capable of pro- 
moting dispersed growth of tubercle bacilli and stable in the presence of animal 
tissues. The present report describes the properties of an arylalkyl polyether 
of phenol (Triton A20) which in some respects fulfills these requirements. 

EXPERIMENTAL 

Cultures . — For the sake of brevity only experiments carried out with the human strain of 
tubercle bacillus H37 and with the avian strain Camden 3 will be described. Results with 
other strains have confirmed the findings to be presented here. Two variants of the culture 
H37 were used; both had been obtained originally from the Trudeau Laboratory through the 
generosity of Dr. \V. Stcenkcn, Jr. The virulent variant, H37Rv, was rcisolated from the 
lung lesions of experimentally infected mice. The avirulent variant, H37Ra, was rcisolated 
from a colony exhibiting characteristic morphology on oleic add-albumin agar. The cultures 
"ere maintained by weekly transfers in Tween EO-albumin liquid medium and possessed the 
morphological characteristics of the virulent and avirulent forms, respectively (7). The avian 
strain Camden 3 was recently isolated in our laboratory from the liver of a tuberculous chidren 
and was abo maintained in Tween-albumin agar. The cultures used for inoculation had toon 
incubated for S to 10 days at 37'C. and contained approximately 0-35 mg. bad!!! (dry weight) 
per cc. of medium. 

M ofi.;. — The basal medium has 1/cen described in preceding reports MS); bovine serum 
albumin v, a added ascptically (in a final concentration of Od per cent) after autoclaving of 
'he medium, v.ith or without 1.5 per cent agar. The wetting agents were added prior to 
autoclaving. 

The sphingomyelin used v.a» sample 1127 rf the collection of the late Dr. I’. A. Lev ere 
G'. It ua* added to the medium ir. the form, ef a 1 cent '--durian in distilled water, 
fes.Ugrd by three ror.'-eulivc heat-nr* at > TO. 

SI 
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The nature and properties of the polyethylene esters of the Tween type have been described 
in earlier publications (3, 5). 

Triton A20 is described by the manufacturer as an nrylalkyl polyether of phenol. The 
related compound, Triton NT 0 0 , has the following general formula. 

ch 3 ch 3 

: ch 2 C — — (OC»H0n — OH 
ch 3 ch 3 

The chemical structure of Triton A20 is slightly different from that of Triton N100 and has 
not been published. Although both these products are related non-ionic wetting agents, 
Triton A20 is much less toxic than Triton N100 for tubercle bacilli and for experimental ani- 
mals. For this reason, it has been selected for further study. 

Triton A20 is miscible in all proportions with water and can be handled like Tween SO in 
the preparation of liquid and agar media; as in the case of Tween SO, its aqueous solutions arc 
cloudy above 80-90°C. but become limpid again at lower temperatures. Triton A20 is dis- 
tributed by the manufacturer as a 20 per cent solution in water. The concentrations reported 
in the present publication are corrected in terms of the original material. 

The media were distributed in 4 cc. amounts in Pyrex test tubes, 25 mm. in diameter. As 
described elsewhere, aluminum caps were used instead of cotton plugs during autoclaving and 
•ncubation (5). 

Comparative Effects of Triton A20 and Tween SO on the Growth of Tnbcrclc 
Bacilli. — All cultures of tubercle bacilli so far tested are capable of giving 
macroscopical evidence of growth within 10 to 15 days in the basal medium to 
which has been added bovine serum albumin, even when the inoculum contains 
only a few living cells; growth in this plain albumin medium always consists 
of large clumps of bacilli. Tween SO in concentration of 0.02 to 0.2 per cent 
increases the amount of growth and changes its character from granular to 
diffuse. The effect of Triton A20 was studied in the following experiment. 

Tween 80 and Triton A20 were added to the basal medium in final concentrations ranging 
from 0.003 to 0.3 per cent as indicated in Tabic I. Each test medium was inoculated with 
0.003 or 0.0003 cc. of a 10 day old culture in Tween albumin medium of JI37Rv or II37En 
diluted in 0.3 cc. of 5 per cent bovine scrum albumin. This corresponded to nn inoculum of 
approximately 3 X ]()-< and 3 X 10" 5 mg. of bacilli (dry weight) per cc. of test medium. 
Macroscopical evidence of growth, checked in certain cases by microscopic examination, was 
read after 14 days’ incubation at 37°C., and is recorded in Tabic I. 

The results presented in Table I reveal that a definite dispersing effect on the 
growth of virulent and avirulcnt variants H37Rv and I-I37Ra can be detected 
with concentrations of Tween SO or of Triton A20 as low as 0.01 per cent. 
However, the dispersing effect of Tween SO is more complete than that of the 
latter wetting agent. Even with the highest concentrations of Triton A 20 
used, the cultures of H37Rv exhibited on careful macroscopic examination a 
finely granular growth which was shown by microscopic study to consist of long 
strands of bacilli. 
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The two wetting agents differ also in their effect on the yield of bacilli. Addi- 
tion of Tween 80 to the medium brings about a definite enhancement of growth, 
probably caused by the oleic acid in the Tween molecule. 1 Increase in growth 
does not occur with Triton A20 which apparently is not utilized by tubercle 
bacilli. 

F ina lly it is obvious that whereas Tween 80 enhances to a similar degree the 
growth of both the H37Rv and H37Ra variants, Triton A20 behaves very 
differently toward the two cultures as it inhibits the growth of the latter but 


TABLE I 

The Effect of Tween SO and Triton A20 on the Growth of Tubercle Bacilli 




Inoculum (mg. dry bacilli per cc, o! 

medium} 

Wetting agent added to tbe medium 

3xi <r* 

3X10-* 


Final concentration 

H37Rv 

H37Ra 

H37Rv 

H37Ra 

Tween 80 

per cent 

0.03 

1 8*f.d4 

8 f.d. 

! 6 f.d. 

1 6 f.d. 

It It 

0.01 

8 f.d. 

8 f.d. 

6 f.d. 

6 f.d. 

it a 

0.003 

6 g- 

6 g- 

1 5 g. 

! 4 g. 

Triton A20 

0.3 

4 d. 

0 

! 3 d. 

! o 

It II 

0.1 

5 d. 

2 d 

4 d. 

0 

ft II 

1 

0.03 

5 d. 

5 f.d. 

4 d. 

2 d 

it if 

0.01 

5 d. j 

5 f.d. 

4 d. 

3 d 

ft It 

0.003 

5g- 

5 g- 

3 g. 

3 g- 

11:0 


5 g. 

i 5 g- 

3 g 

3g- 


* The amount of growth is recorded in terms of an arbitrary scale from 0 (no growth) to 
8 (growth corresponding to approximately 0.4 mg. dry weight of bacilli per cc. of medium). 

t f.d. indicates that growth was finely dispersed, exhibiting no large clumps on microscopic 
examination, d. indicates that the growth was dispersed but consisted of clumps readily seen 
with a hand lens. g. indicates granular growth consisting of large clumps or flakes. 

not that of the former. It should be emphasized at this time that the toxic 
effect on H37Ra reported in Table I has also been observed with a number of 
other avirulent variants of mammalian strains of tubercle bacilli whereas none 
of the variants appears to be unfavorably affected by Triton A20 in concen- 
trations of 0.05 per cent or less. 

1 It has l-een shown elsewhere that under certain conditions, Tween 80 can exhibit toxiatv 
owing to its contamination with free fatty add; the toxicity can be overcome by addition of 
adequate amount of scrum albumin to the medium (1-3). Furthermore, we have repeated!-.- 
observed that samples of Tween which had proved entirely r.on-toxic when first used, develop 
some 2 months after the container has Iccn opened a type of toxiatv which seems to 1-e 
independent of the presence of fatty adds. It is essential therefore to use only selected 
samples of Tween if conclusions are to !<■ drawn concerning the effect of polyoxvethvlent 
dcrjvjitjvf* 1 1 ;.or* Stan rf tu?»crc-c l.acill:. 
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The Growth-Dispersing Effect- of Tween SO and Triton A 20 in Scrum Media — 
It has been shown in preceding publications that incubation of Tween 80 with 
fraction V of plasma (serum albumin) results in the liberation of free fatty acid 
as a result of enzymatic hydrolysis of the ester by the lipase contaminating the 
albumin preparation (1,2). In experiments previously reported, lipase activity 
had been minimized by heating tire albumin for 30 minutes at 56°C. prior to 
addition to the medium. On the other hand, Tween 80 is rapidly hydrolyzed 
in the presence of tissues or tissue fluids and there is no convenient technique 
for abolishing the marked lipolytic activity of these materials. As there is no 

TABLE II 


The Influence of Blood Serum on the Grou'lh-Dispcrsing Effect of Wetting Agents 


Wetting agent added to the medium 

Scrum 

Growth 14 days 
after inoculation 
with H37Rv 
(3 X 10-« mg. 
dry weight per 
cc. medium) 


Final concentration 

Mouse 

Ox 

Tween SO 

per cent 

0.05 

CC. 

0 

CC. 

0 

8*f.d.* 

<< It 

ti 

0.5 

0 

8 g. 

it it 

“ 

0 

0.5 

S g. 

G 2144 

ti 

0 

0 

S f.d. 

it it 

a 

0.5 

0 

s g. 

a it 

a 

0 

0.5 

Sg. 

Triton A20 

a 

0 

0 

5 d. 

it it 

a 

0.5 

0 

S d. 

ft It 

a 

0 

0.5 j 

8 d. 

I-IsO 


0 

o 1 

5 g- 

it 


0.5 

0 

s g. 

it 


0 

0.5 J 

8 g. 


* Symbols as in Table I. 


enzyme of animal tissues known to be capable of attacking the ether linkages 
of the Triton A20 molecule, it was of interest to compare Triton A 20 with two 
water-dispersible esters of oleic acid (G 2144 and Tween 80) with respect to 
their ability to disperse growth of tubercle bacilli in media with or without 
added semm. 

The wetting agents were added to the basal medium in a final concentration of 0.05 per cent. 
Bovine or mouse scrum sterilized by filtration through porcelain candles was added in amount 
of 0.3 cc. per 3 cc. of medium. The tubes containing the test media were inoculated with 
0 003 cc. of 10 dav old culture of H37I\v diluted in 0.3 cc. of 5 per cent bovine albumin It is 
known from earlier studies that this amount of albumin is sufficient to overcome the toxicity of 
the free fatty add which might be released by enzymatic lipolysis of Tween 80 or 0 21-11. 
Macroscopic evidence of growth confirmed by microscopic examination was read after I t 
days' incubation at 37 C. (Table II). 
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The results presented in Table II confirm the fact that the dispersing effect 
of Triton A20 on the growth of tubercle bacilli in albumin medium without 
serum is less complete than that of the water-dispersible esters Tween 80 or 
G 2144. On the other hand it is seen that in the presence of whole serum these 
esters completely lose their dispersing activity whereas that of Triton A20 
remains unimpaired. In view of the complexity of serum and of the many 
unknown interactions which certainly occur between its constituents, the 
tubercle bacilli, and the wetting agents, it is not possible to obtain convincing 
evidence concerning the factors which determine the dispersed or granular 

TABLE m 

The Effect of Triton AZO on iltc Initiation and Yield of Growth of Tubercle Bacilli 


Added to tie basal medium Graxtb 14 days after inoculation vrith 

(final concentration) (mg. cc/cc. medium) 


TVecn 



Sphinijo- 

Albu- 


HJ7Rv 



HSiRa 


Avian 

£0 



myelin 

min 

am 

mm 





3X tor* 

per cent 

0 

ter cent 

0 

per cent 

0 

fer ctnt 

0 

per cent 

0 

3g-* 

i g- 

0 

2 g- 

1 g- 

0 

if.d. 

0 

0 

0 

0 

0.5 

<Sg- 

4 g- 

2g- 

7 g- 

Sg- 

1 S ■ 

i f.d. 

0.05 

0 

0 

0 

0 

3 f.d. 

0 

0 

3 f.d. 

0 

0 

5 f.d. 


0 

0 

0 

0.5 

8 f.d. 

5 d. 

3 f.d. 

7 f.d. 

4 f.d. 

Id. 

8 f.d. 

0 

0.05 

0 

0 

0 

3d. 

2d. 

0 

1 d. 

0 

0 

1 f.d. 

0 

44 

0.02 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

II 

0 

0 

0.5 

5 d. 

4d. 

3d. 

3 d. 

1 d. 

0 

1 f.d. 

0 

41 

1 0.02 

0 

il 

8 d. 

Od. 

3d. 

2d. 

0 

0 

0 f.d. 

0 


! 0 

0.05 

0 

8 d. 

5 d. 

2 g- 

0d. 

2g. 

1 g. 

5 f.d. 

0 

<1 

0 

41 

0.5 

8d. 

0d. 

4 d. 

7 d. 

5 d. 

4 d. 

8 f.d. 

a 

0 

0 

44 

0 

4 g- 

3 g- 

2 g. 

4 g- 

3 g- 

2 g. 

5 f.d. 

0 

, 0 

0 

44 

0.5 

7 E- 

4 g. 

3 g- 

7 £• 

4 g- 

3 g- 

7 f.d. 


* Symbols as in Tabic I. 


diameter of the bacterial growth. Nevertheless, the facts observed are con- 
sistent with the hypothesis that the water-dispersible esters Tween £0 and 
G 2144 arc destroyed by the scrum lipase and thereby lose their wetting prop- 
erties, whereas Triton A20 remains unaffected under the same conditions. 

The Effect of Triton A 20 on the Initiation and Yield pj Growth of Tubercle 
ttccilli. Although Triton A20 can disperse the growth of tubercle bacilli it 
never increases significantly the yield of growth. However enhancement of 
growth in its presence can occur when long diain fatty acids, or sphingomyelin, 
are raided to the medium. 


'I''.fr:i fO, Triton A TO, oleic arid, rphirye— yriia, rr.d 
w-ninr. r.« indicated in Tr.l’r III. The rned-.i rr.-e i: 
0 O'** cc. ct s 10 (i.-.y oM culture diluted in 05 ct. c 


aHwrr.tn v.crt sdded to the l.ar-I 
roevhted with 0.m.\ O.fCCU, cr 

ii.ji.Cti vstcr* sr/.Cw's c < ' r .c* 











86 


WETTING AGENTS AND GROWTH OE TUBERCLE BACILLI 


sponded to approximately 3 X 10~*, 3 X lO- 5 , 3 X 10'* mg. bacilli (dry weight) per cc. of 
medium. The amount and character of the bacterial growth were recorded after 14 davs’ 
incubation at 3 7°C. } 

The results presented in Table III illustrate again the striking differences 
between the wetting agents Tween 80 and Triton A20 with reference to their 
effects on the growth of tubercle bacilli. They confirm the finding of the pre- 
ceding experiment that, in contrast with Tween 80, Triton A20 added to the 
basal medium with or without albumin does not increase significantly the 
amount of growth, although it has a definite dispersing effect on it. 

Failure to enhance growth is particularly well demonstrated in the case of 
the avian strain Camden 3, a fact in agreement with earlier observations that 
all avian strains tested give only very limited growth in the absence of long 
chain fatty acids (3). However, addition of oleic acid to the albumin medium 
containing A20 definitely enhances growth which remains dispersed despite 
the presence of the fatty acid. The growth-promoting effect of sphingomyelin 
first demonstrated in the preceding communication (4) is here confirmed. It 
is shown moreover that the beneficial effect of sphingomyelin, rendered even 
more evident in the presence of Triton A20 which increases the solubility of 
this phospholipid, is expressed not only in terms of greater density of the culture 
at the end of the incubation period, but also by the fact that it allows the 
growth of minute inocula even in the absence of serum albumin (3). 

Comparison of the results obtained with the virulent (H37Rv) and avirulent 
(H37R a) variants illustrates again the selective inhibitory effect of Triton A 20 
on the growth of the latter culture. It is clear however, that the inhibitor}' 
effect of the wetting agent can be corrected by the addition of sphingomyelin 
to the medium, even in protein-free media. 

Comparative Effects of Tween SO and Triton A20 on the Morphological Charac- 
teristics of Cultures H37Rv and H37Ra . — Unlike Tween SO, Triton A20 can 
inhibit the growth of the avirulent variants of mammalian tubercle bacilli in 
concentrations which exert no detectable toxic effects on the virulent forms 
(Tables I and HI). This difference in antibacterial activity between the two 
types of wetting agents is paralleled by differences in their effect on the mor- 
phological aspects of the cultures growing in their presence. Only a brief 
statement of these findings will be presented here as the relation of morpho- 
logical characteristics to virulence is to be treated more extensively in a subse- 
quent communication. 

It will be recalled that, in the absence of a wetting agent, the virulent 
organisms exhibit a marked tendency to adhere to one another in the direction 
of their long axis; this tendency results in the formation of strands of bacilli, 
which can be verv long and at times extend over several microscopic fields, and 
which are several cells in thickness. Tn contrast to this serpentine pattern of 
growth, the avirulent forms exhibit either random growth or perhaps a rosette 
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arrangement of the cells (7). Attenuated strains, which possess, like the BCG 
culture in use in our laboratory, a slight degree of “invasiveness” also exhibit 
intermediate morphological characteristics. On the other hand, in media 
containing 0.1 per cent Tween 80, cultures of the virulent organisms and of the 
attenuated forms grow without producing the cords characteristic of growth 
in the plain albumin medium, and cannot be differentiated from the totally 
avirulent variants. A different morphological picture is obtained in media 
containing the same concentration of Triton A20 (0.1 per cent). Although 
growth of the virulent variants in Triton A20 liquid media appears fairly dis- 
perse, and their colonies in Triton A20-albumin agar are much less rugose than 
those developing on plain albumin agar, microscopic examination reveals that 
these cultures exhibit a definite serpentine pattern of growth (cord formation). 
It would thus appear that Triton A20 prevents the formation of the amorphous 
large dumps which correspond to the granular mode of growth of tubercle 
bacilli in general, but does not interfere with the tendency of the virulent cells 
to orient themselves in the typical “cords.” These observations suggest that 
two independent factors contribute to the morphology of cultures of tubercle 
bacilli: one, common to both virulent and avirulent forms, is overcome by both 
Tween 80 and Triton A20, the other, peculiar to the virulent variants, is affected 
only by Tween 80. It is also possible, however, that these differences are not 
of a qualitative nature but may be due to the possession by the virulent variants 
of larger amounts of a certain hydrophobic substance, much less abundant in 
the avirulent forms, and which is more readily wetted by the water-dispersible 
esters than by Triton A20. 

Whatever the ultimate significance of these findings for the understanding 
of the nature of the differences in cellular structure between the virulent and 
avirulent variants, it appears that the wetting agents Tween 80 and Triton 
A20 may lend themselves to the development of selective media useful for the 
separation of the two types of variants and for the analysis of bacterial variation 
and its relation to virulence. 


SUMMARY 

Tween 80 and Triton A20arc two watcr-dispcrsiblc, non-ionic, surface-active 
agents which favor dispersed growth of tubercle bacilli in aqueous media prob- 
ably by wetting the bacterial surface. 

Tween 80 is a polyoxyethylene ester of sorbitan monooleatc and is liable to 
enzymatic hydrolysis by lipases. Triton A20 in an arylnlkyl polyether of 
phenol which appear? resistant to the known enzymes of .animal tissues. 

Tween 80 loses its ability to disperse cultures, of tubercle bacilli in media 
containing scrum; Triton A 20 docs r.ot. 

, Tv. con 80 increase? the yield of growth, probably by supplying oleic add to 
the h-uhi; Triton A20 docs r.ot. 
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In concentrations sufficient to cause dispersed browth, Tween 80 (purified 
by removal of unesterified fatty acid) and Triton A20 are completely innocuous 
for virulent tubercle bacilli. However, Triton A20 exhibits a marked toxic 
effect on the avirulent variants of mammalian strains; Tween 80 does not. 

The two wetting agents also differ in their effects on the morphological aspects 
of the bacterial cultures. Whereas Triton A20 prevents the formation of large 
amorphous bacillary clumps, it is less effective in preventing the orientation of 
the virulent bacilli resulting in the formation of long bacillary strands. Tween 
80 on the contrary prevents also the formation of these cords of bacilli and 
exerts therefore a more effective dispersing effect on cultures of virulent tubercle 
bacilli. 
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The effect of structure on the carcinogenicity of aminoazo dyes related to 4- 
dimcthylaminoazobenzene (1-4) and the influence of various diets on the 
activity of 4-dimethylaminoazobenzene (5-7) have been the subjects of ex- 
tensive study. As a result experimental conditions have been defined which 
make it possible to obtain a wide variation in the incidence of hepatic tumors 
by selecting the proper carcinogen and diet. Since no extrinsic factors, such 
as destruction of the dye in the diets (6), appeared to be responsible for the 
variations in the rate of tumor formation, a search for possible metabolic 
changes related to carcinogenesis was begun. Most of the initial experiments 
with this approach have been inconclusive. Thus, rats fed 4-dimethylamino- 
azobenzene in protective diets usually maintain levels of free aminoazo dyes 
in the blood and liver which are almost as high as those found in rats on non- 
prolectivc diets (8). Since most aminoazo dyes, irrespective of their carcino- 
genicity, arc dcalkylated by the rat (1, 2, 9) the in vivo lability of the A r -alkyl 
groups of the aminoazo dyes is not necessarily associated with the carcinogenic 
process. Furthermore, the over-all metabolism of 4-dimethylaminoazobenzene 
by rats fed various diets is similar since approximately the same levels of the 
same monophcnvl amine metabolites are excreted in the urine irrespective of 
the tumor-promoting or inhibiting nature of the diet (10). However, rats fed a 
protective diet high in riboflavin do metabolize 4-dimethylaminoazobenzene 
differently from those fed diets promoting tumor induction in at least one 
respect, since the livers of rats on the high riboflavin diet contain less protein- 
bound aminoazo dye throughout the period of carcinogenesis than precancerous 
livers (11). 

Krnslcr and his coworkers (12) and Griffin and Baumann (13) have observed 
a decrease in the level of hepatic riboflavin in the livers of rats fed certain 
carcinogenic aminoazo dyes. In the present paper the levels of riboflavin, 

* Thu in\ eviration r.as aided by prants from the National Cancer Institute and the Jane 
O' r. Chills Memorial Fund for Medical Research. A preliminary report on some of these 
data has l<er-i pul third e here (6). 

1 I inres-Henrll retime, 1 04 ? — 57. 

>0 
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biotin, and vitamin B s were determined in the livers of rats fed 4-dimethyl- 
aminoazobenzene in 10 different protective and non-protective diets for 6 and 
19 weeks; similar determinations were also made on the livers of rats fed some 
of the same diets without the carcinogen. In addition similar analyses were 
pei formed on the livers of rats fed the dye in diets containing either urethane 
or increased levels of cystine or methionine. Urethane produces lung tumors 
in rats (14, 15) and mice (16) and a few liver tumors in rats (14), but has been 
reported to exert no effect on the carcinogenicity of 4-dhnethylaminoazo- 
benzene (17). Varying activities have been assigned to extra dietary cystine 
and methionine (18-21). Finalfy, the concentration of riboflavin was deter- 
mined in the livers of rats fed 4-dimethylaminoazobenzene and 4 of its 5 possible 
C-monomethyl derivatives at several times during a 16 week period. All the 
data indicate that rats with a high level of hepatic riboflavin are much less 
likely to develop liver tumors than animals with a lower concentration, while 
the levels of hepatic biotin and vitamin Be are not correlated with the tumor 
incidence. 


Methods 

Care of the Animats . — Male Sprague-Dawley rats, 150 to 200 gm. in weight, were used 
exclusively. They were housed in screen bottom cages in groups of 6 to 8, and water was 
available ad libitum. The conditions used in each of the 4 series are described separately. 

The object of series 1 and 2 was a comparison of the Jcveis of certain vitamins in the livers 
of rats fed 4-dimetbylaminoazobcnzene in diets which either stimulate or inhibit the formation 
of hepatic tumors. The composition of the diets for series 1 is given in Table I; weighed 
amounts of these rations were fed so that the average food consumption for each group was 
9 gm. per rat per day. Nine rats were fed each of the 10 diets with the addition of 0.06 per 
cent of 4-dimethylaminoazobenzene (dissolved in the oil of the diet, or, for the low fat diet, 
dissolved in acetone and evaporated on the diet) as well as diets 1, 5 to 5, and 7 to 10 in the 
absence of the dye. At least 3 animals from each group were sacrificed after 6 and 19 weeks, 
and their livers were analyzed for riboflavin, biotin, and vitamin . In the case of tumor- 
bearing livers, the non-necrotic tumors and a sample of tumor-free (gross examination) liver 
were analyzed separately. 

The control rats (group 11) in series 2 received diet 2, Table I, while groups 12, 13, and 14 
received the same diet with either 0.2 per cent urethane, 0.3 per cent dl-mc thionine, or 0.5 per 
cent /-cystine, respectively, added at the expense of glucose. All the diets were fed ad libitum. 
Of the 18 rats in each group 3 were killed for analysis after 6 weeks; the livers of these animals 
and of 3 rats from the same stock (zero time controls) were analyzed for riboflavin and vita- 
min B e • The remaining animals were examined by laparotomy at 17 weeks, continued on 
the same diets without the dye for an additional S weeks, and then killed for a final tumor 
count. 

In scries 3 and 4 the level of hepatic riboflavin was determined m rats receiving anunoazo 
dyes differing greatly in their carcinogenic potency. For both scries the appropriate aminoazo 
dyes were added to diet 3, Table I; all diets were fed ad libitum. Series 3 consisted of groups 
of 18 rats fed either 0.054 per cent of 4-dimethylaminoazobenzene or 0.05S per cent of the 
4'-mcthyl or 3'-methyl derivatives and groups of 7 which received either O.OoS per cent of 
2-methyl- or 2 '-mcthyI- 4 -dimethylaminoazobenzcnc or the basal diet (no dye added). Three 
rats from the same stock were killed at the beginning of the experiment, and 2 or 3 rats were 
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sacrificed after 1^, 3, 6, 12, and 16 weeks. Three groups of 20 rats fed either 0.034 per cent of 
4-dimethylaminoazobenzene or equimolar amounts of the dimethyl and 3 ^-m ethyl derivatives 
comprised series 4. Two or 3 animals from each group were sacrificed at 1, 2, 3l, 6, 9, 13, and 
22 weeks. 

Analytical Methods . — Prior to analysis the rats were killed with ethyl ether, and the livers 
perfused in situ with 10 ml. of 2 per cent sodium citrate and 30 ml. of 0.85 per cent sodium 
chloride. Each liver was then homogenized in water in a Waring blendor, and appropriate 

TABLE I 

Composition of Diets *•{ 



hydrochloride, 7.0 mg. calcium pantothenate, and 300.0 mg. choline chloride per kilo. 

♦ We arc indebted to the following for gifts of the products noted: to the late Dr. D. F. 
Robertson, of Merck and Company for the crystalline B vitamins; to Dr. T. M. Godfrcv, of 
Lever Bros. Company, for the hydrogenated coconut oil; to Mr. H. R. Bamctt, of Stein, Hall, 
and Company, for the dried domestic egg white; and to Mr. Carl Settcrstrom, of Carbide and 
Cnrlxm Chemicals Corp., for the tcrgitol penetrant 7. The “vital) rice bran concentrate” was 
obtained from National Oil Products Co., Harrison, New Jersey. 

{The dietary constituents were analyzed for riboflavin and then sufficient crystalline 
vitamin was added to bring the total content to the level given. 

a!i ;ums were taken for each analysis. Riboflavin was determined by the method of Conner 
and Straub (22) after neutralization or the acid hydrolysate with sodium acetate and incuba- 
tion with papain for 20 hours. The enzyme treatment increased the values bv about 10 per 
cent above tlm-e obtained after acid hydrolysis alone. Vitamin B, and biotin were assayed 
through tbr grow th of SareUrmyees ecrhl^ensis and 5. eerrsisice. respective!)-, accord'ing 
to the general method of Atkin and his associates (23).« The results are cipress’ed as micro^ 
grams j*cr gram of firth liver. 


•’/ ninety I’crjit.'tVtrj. In general the livers of rats fed the diets 
5; “ i '' 1 ' -l-slitr.rth.yhtr.inor.robenrene contained o-riy about two-thirds r.= much. 

1 V. c zrr grstrlul to Mn. H. N. Ki- r-by f r the bi and vitamin B, ar.abur- 
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riboflavin as the livers of rats on the same diets without the dye (Table II). 
For example, the livers of the control group (group 1) fed the dye averaged 


TABLE II 

The Levels of Riboflavin, Biotin, and Vitamin B e in the Livers of Rats Fed Protective and Non- 

Protective Diets. Se.ries I* 

(3 to 6 rats per group; analyses at 19 weeks) 


No. 


Diet 


Basal diet 


Ribo- 

flavin 


ns-tm- 

20. A 

(19-21) 


Biotin 


0.90 

( 0 . 8 - 1 . 0 ) 


Vitamin 

B, 


ns-tsm. 

10.9 

( 10 - 11 ) 


14.7 

(14-15) 

0.93 

(0. 9-1.0) 

11.5 

(11-12) 

19.2 

(17-23) 

1.0 

(0. 9-1.1) 

9.3 

(8-11) 

19.6 

(15-23) 


11.5 

(11-12) 

28.6 

(25-31) 

1.23 

(1.1-1. 5) 

8.7 

(S-9) 

23.5 

(21-27) 

1.17 

(1.1-1. 3) 

10.9 

(10-12) 

23.6 

(21-27) 


10.4 

(9-11) 

24.4 

(23-26) 

0.62 

(0.5-0. 7) 

10.3 

(9-11) 


Basal diet + 0.06 per cent 
4-dimethylaminoazobenzene 


Riboflavin 


Biotin 


Vitamin 

B, 


Tumor 

inci- 

dence 

(6) 
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7-9 Mg. per gm., at 6 weeks (Table III). The livers of the control group (1 mg. 
of riboflavin per kilo of diet) averaged 9.3 Mg. per gm., and the tumor incidence 
was 75 per cent at 6 months. Fifty per cent of the rats receiving 0.3 per cent 
(//-methionine developed tumors by 6 months while only 13 per cent of those 
supplemented with 0.5 per cent of /-cystine had neoplasms at this time; the 
livers from these groups averaged 10.7 and 10.9 Mg. of riboflavin per gm. at 6 
weeks. The total hepatic riboflavin was 121, 84, and 69 Mg- per liver for the 

TABLE III 


The Levels of Riboflavin and Vitamin B& in the Livers of Rats Fed Prolcctivcand N on-Protcctive 

N Diets. Series 2* 

(3 rats per group; analyses at 6 weeks) 


No. 

Diett 

Riboflavin 

VitaminB* 

Tumor incidence 





4mos. 

6mos. 

Zero time 


ng./sm. 

25.8 

(24-26) 

tig./livcr 

345 

11.8 

(11-13) 

per cent 

per cent 

11 

Control 

9.3 

(9-10) 

69 

6.8 

(6-7) 

2S 

75 

12 

0.2 per cent urethane 

7.9 

(7-8) 

59 

6.1 

(5-7) 

47 

80 

13 

0.3 per cent (//-methionine 

10.7 

(10-12) 

84 

8.4 

(8-9) 

33 

50 

14 

0.5 per cent /-cystine 

10.9 

(10-12) 

121 

6.9 

(6-7) 

0 

13 


* See footnote to Table I. 

J All diets contained 1 mg. of riboflavin per kg. 


C 

ystine-supplemen ted, methionine-supplemented, and control rats, respectively. 
As in series 1 the level of vitamin Be could not be correlated with the tumor 
incidence. Our data are in substantial agreement with earlier reports which 
showed that cystine inhibited tumor induction to a significant extent (18-20), 
while methionine had little or no effect (21). The stimulation of the rate of 
tumor formation by urethane observed in this experiment is small and may not 
be significant. 

Effect of Activity of Carcinogen . — When 4-dimethylaminoazobcnzene was fed 
the level of hepatic riboflavin dropped rapidly from 22 Mg. per gm. at the be- 
ginning of the experiment to 15.6 Mg- at 14 weeks and 10.4 Mg. at 3 weeks (Fig. 
1). The riboflavin content continued to drop more slowly for the rest of the 












Mjtn.K, .vim v, mini. \'»i> v.t'snt 


0 .; 


experiment and reached <'■<' t>A- pc: y.m. U* «rcl.'-. A dmibw v-.r- 

followed when each of the other atninon.-o dye-- w.v- fed, but the cxtrr.t *>f tl;r 
decrease varied with the ev.feinovrnicity of the t ompound. W i'li -Jr.r’.hyi- 1- 
dimctlndaminon.-obcnr'-nr. which i-- nlK.tit lv.hr ;r. active a-. M-dimethylnminn- 
nrobcnrcnc. the liver til'ofluv in fell to S.O p;% in 5 week'.: at tin* tin;'- the livr?;- 
of rat? feet 2’-nie!}iy!-!-dimr;)iy!.-nr.no. 1 .v.l>rnrrr.r Omr-third tnnr.r-hnU .vactivc 
av 44imclhykanunoarohrarcnr) contained 1I..5 py. per ym. Liver*. from rate 
fed 2 -mcthyl-!-<iimetiiyIaminoa.-/.l)rnrcnr, whirl) ?>• inactive tinder otir eondi- 
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Fie. 1. The levels of riboflavin in the livers of mis fed -tdimclhylaminoaxolx-njrcnc and its 
C-methyl derivatives. 


tions, or 4'-mcthyl-4-dimcthylaminoazobenzcnc, a very weak carcinogen, had 
approximately the same level of riboflavin as livers from animals on the basal 
diet. The progressive drop in the hepatic riboflavin of rats fed the basal diet 
is apparently a reflection of its minimal riboflavin content. Comparable 
results were also obtained in scries 4. The riboflavin levels of tire livers of rats 
fed 3'-mcthyl-4-dimethylaminoazobcnzenc, 4-dimctliylaminoazobcnzenc, and 
4 '-methyl-4 -dimethylaminoazoben acne were 12.7, 13.5, and 16.0 /ig. per gni. 
at 2 weeks and 8.2, 8.9, and 12.9, respectively, at 6 weeks. 

DISCUSSION 

The carcinogenic activity of the aminoazo dyes is related, at least in part, 
to the extent to which the level of hepatic riboflavin decreases when they are 
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fed. Thus, when various aminoazo dyes are fed in the same diet, the most 
rapid and greatest depression of riboflavin occurs in the livers of rats fed the 
most carcinogenic dyes. Similarly, the livers of rats fed 4-dimethylaminoazo- 
benzene have lower levels of riboflavin when a non-protective diet is fed than 
when a protective diet is given; the levels of biotin and vitamin B 6 , however, 
do not vary with the protective nature of the diet. The means by which the 
aminoazo dyes alter the riboflavin content of the liver is unknown, but altera- 
tions in the amount of intestinal synthesis, in the efficiency of absorption, or in 
the in vivo lability of riboflavin could give these results. There is little litera- 
ture pertinent to the latter two possibilities, but some experiments suggest that 
the protective and accelerating diets could alter the amount of intestinal syn- 
thesis of riboflavin. Thus, Czaczkes and Guggenheim (25) found that rats 
fed a diet low in fat required less riboflavin daily to maintain their liver stores 
than animals receiving 10 per cent olive oil and those on a high fat diet re- 
quired more riboflavin daily. From bacterial counts and riboflavin analyses 
on the feces they concluded that these effects were due to a greater synthesis of 
the vitamin by the intestinal flora in the presence of a low fat diet and a lesser 
synthesis with the high fat diet. 

Since the level of hepatic riboflavin appears to be important in determining 
tire resistance of the liver to 4-dimethylaminoazobenzene, the distribution of 
this vitamin in the liver cell has recently been investigated (26). The large 
granules (mitochondria) and the supernatant fluid from the homogenates of 
livers of rats fed the dye contained only 50 to 60 per cent as much riboflavin as 
the same liver fractions of rats on the basal diet, while the riboflavin content 
of the nuclei and small granules (microsomes) was not altered by the dye-feed- 
ing. Analyses of these fractions for total protein and nucleic acids also in- 
dicated extensive damage of tire large granules by the dye. 

The question still remains whether riboflavin interferes with a part of tire 
carcinogenic process per se or whether it acts prior to this process. It is possible 
that riboflavin-containing enzymes are responsible for the destruction of the 
dye in the liver; thus livers with access to large amounts of the vitamin might 
destroy much of the dye before it has an opportunity to act as a carcinogen. 
For instance, Kensler (27) has found that slices of livers containing high levels 
of riboflavin destroy 4-dimethylaminoazobenzene faster than livers containing 
less of the vitamin. Preliminary data have also indicated that the protein- 
bound dyes are metabolized more rapidly by rats receiving high levels of 
dietary riboflavin (11). On the other hand, if riboflavin and 4-dimethylamino- 
azobenzene or their derivatives compete for a protein involved in the carcino- 
genic process, increased amounts of riboflavin would protect the protein and 
thus slow down the process of carcinogenesis. Unfortunately no data arc 
available to support or disprove the latter idea. 
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'Htc liver? of mis fed 10 dir!-, previously f»und t« inhibit or .iv* rW.ttr the 
induction of tumor? by 4-dimrtliylnmim>a.-<ibr:irr:ic v.rrr analyzed for ribo* 
flavin, biotin, and vitamin lb after 0 and 1 ,J week*. on tim dirt*. Time frd 
diet? accelerating tumor induction had average hepatic riboflavin level? of '> 
to 11 ng. )Kr pn. The livrrs of thr control and protected rats averaged M 
and 15 to 19 pg. per pn.. nrjKvtivrly. 'line hepatic level? of vitamin B< and 
biotin avenged 7.0 and 0,55 //;•. per pn.. re-prctivclv. nm! were independent 
of the protective nature of the diet. 'IT.e liver? «>f rut’- fed the Mine diets in 
the absence of •l-dirnrthy’arninoarobenrene contained nlxusl 50 per cent more 
of each of these vitamins than those from dye-fed rat'. 

In a second series the tumor incidence and the hepatic riboflavin and vitamin 
Bt were determined simultaneously. In this experiment urethane decreased 
the level of hepatic rilxiflnvin and increased th.e rate of induction of tumors 
slightly. Methionine inhibited tumor induction to a r mall extent while cystine 
had a more pronounced retarding effect; th.e level of hepatic riboflavin for both 
groups was higher than in the control?. 

The livers of rats led the basal diet, 0.055 per cent of -i-dimcthylaminoaan- 
benzene, or equimolar amounts of its 2-, 2'-, .V-, or -I'-mcthyl derivatives were 
analyzed for riboflavin at various limes over a 16 week period. In each case 
the level of hepatic riboflavin decreased throughout the experimental period, 
but the rate and extent of the riboflavin loss were greatest with the more 
carcinogenic compounds. 
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Penicillin has been shown to be directly and rapidly bactericidal (1-9), and 
not merely bacteriostatic. Whether that direct action is augmented in vivo 
by the natural defense mechanisms of the body has not yet been conclusively 
determined; but in any case; it is a reasonable surmise that the concentration 
of penicillin which is most rapidly effective against a given organism in vitro 
may also be the most effective in vivo. Further, if different organisms vary 
not only with respect to the effective concentrations of penicillin, but also in 
the maximal rate at which they can be killed by the drug, there may be a 
corresponding variation in the time for which treatment with penicillin must 
be continued in order to effect cure. 

The present paper will describe experiments relating to the effect of the con- 
centration of penicillin on the rate of its bactericidal action in vitro against a 
number of bacteria. As had previously been indicated by Hobby, Meyer, 
Dawson, and Chaffee (1, 2), Eagle and Musselman (6), and Demerec (7), the 
rate at which the bacteria were killed by penicillin in vitro was found to vary 
strikingly within relatively narrow zones of concentration. For every organism 
here studied, one could define (1) a concentration at which the net rate of 
multiplication was significantly reduced, (2) a somewhat higher concentration 
at which the organisms were killed faster than they multiplied, so that the net 
number of viable organisms slowly decreased, and (3) a maximally effective 
concentration, at which the organisms died at a maximum rate which was not 
further increased even by a 32,000-fold increase in penicillin concentration (cf. 
references 1, 2, 6, 7). However, the several bacterial species differed not only 
with respect to the magnitude of this maximally effective concentration of 
penicillin, but also with respect to the maximal rate at which they could be 
killed by the drug; and there was no necessary relationship between the two 
values. Finally, with many bacterial species there was a sharply defined 
concentration of penicillin at which it was optimally effective, and in excess of 

99 



100 


RATE OF BACTERICIDAL ACTION OF PENICILLIN 


which the rate at which the organisms were killed was paradoxically reduced 
rather than increased (cf. reference 9). 

The therapeutic implications of these observations are discussed in the text. 

I. METHODS AND MATERIALS 

The organisms studied in the present paper included 14 strains of fl-hemolytic streptococci 
of Lancefield groups A, B, and C; 11 strains of a-hemolytic streptococci, including 7 strains of 
Streptococcus fecalis; 7 strains of Staphylococcus aureus, and 2 of Staphylococcus alhus ; Diplo- 
coccus pneumoniae, Types I, III, VIII, XI, XII, XIV, and XXIV; and the so called Reiter 
strain of cultured T. pallidum. 1 * * * 

Fifteen hour cultures grown at 30°C. were usually used as the starting material except in 
the case of the slow growing T. pallidum, for which 48 hour cultures at 37°C. on Brewer’s 
thioglycollate medium were used. Penicillin G was added in varying concentrations to an 
appropriate dilution of the culture, and the mixture placed in a water bath at 37°C. Aliquot 
portions were taken out at intervals and (the spirochete cultures excepted) the number of 
surviving viable organisms was determined 5 by plating out serial 40-fold dilutions (0.3 cc. and 
11.7 cc.) in an agar (or blood-agar) medium containing an excess of “clarase” (Takamine) in 
order to terminate the action of the penicillin. The number of such 40-fold dilutions was 
adjusted to the anticipated number of organisms. With the treponemal culture, the number 
of surviving and' viable organisms was determined in fluid Brewer’s thioglycollate medium 
enriched with 10 per cent rabbit serum, and containing enough agar (0.1 to 0.2 per cent) to 
cause the organisms to grow out in discrete colonies. 

When the concentration of penicillin in the reacting mixture was in excess of 1 microgram 
per cc. (but less than 256), the clarase was added to the first tube of the serial subcultures to a 
final concentration of 0.083 per cent; all other tubes contained 0.017 per cent of clarase. 
When the penicillin concentration was 256 to 2048 micrograms per cc., the higher concentra- 
tion of clarase was used in the first 2 tubes of the serial subcultures. Although Takamine 
clarase was used in most of the present experiments, a preparation of penicillinase obtained 
through the courtesy of the Schenley Laboratories has given equally satisfactory results 

In the tables the number of surviving and viable organisms is expressed as the percentage of 
the original inoculum, determined prior to the addition of the penicillin. In the figures, the 
proportion of survivors has been expressed as a decimal fraction, referred to the original 
inoculum as 1. 


1 Most of these strains were obtained through the courtesy of Dr. George F. Mirick, Dr. 
J. Howard Brown, and Dr. Martin Frobisher, Jr., of the Johns Hopkins Schools of Medicine 

and Public Health, and Dr. W. F. Verwey of the Sharp and Dohme Laboratories, Glenoldcn, 

Pennsylvania. It is a pleasure also to acknowledge tire cooperation of the Squibb Institute 

for Medical Research, the Merck Company, Inc., and the Commercial Solvents Corporation 
in supplying the penicillin G used in these studies, of the Charles Pfizer Company in supplying 
penicillin K, and of the Lederle Laboratories in supplying the penicillin X {cf. page 12S). 

5 These experiments determine the proportion of surviving organisms still viable after a 
given exposure to penicillin. Those bacteria still alive at the time of subculture, but which 
had been so damaged by penicillin that they failed to grow out in subculture, therefore 
appeared as dead organisms. This factor tended to make the apparent rate of bactericidal 
action somewhat greater than was actually the case. 

A further complication was introduced by the fact that with those organisms which asso- 
ciated in clumps or chains, just one viable organism surviving out of a group of 10 for ex- 
ample, sufliccd to form a colony on subculture, and the fact that the other 9 were dead or dying 
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II. TIIC RATES AT WHICH BACTERIA ARK KILLED BY PENICILLIN 

A . $-11 analytic Streptococci 

1. Group .-1 {I.ancc field ).— One of 5 similar experiments with the C-203 
strain of Streptococcus pyogenes is summarized in detail in Table I and in I'ig. 1. 
As is there shown, as little as 0.004 microgram per cc. of penicillin G had a 


TABLE I 

The Rale at Which Streptococcus pyogenes (C-203) Is Killed cl V crying Concentrations 

cj Penicillin G 

(tnital number of organisms in reacting mixture •= 750,000 per cc.) 
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significant effect in diminishing the net rate of growth of the organisms as 
compared with that in a penicillin-free control. At concentrations of 0.006 

was thereby masked. This factor would tend to make the rate of bactericidal action seem less 
than was actually the case. 

These two important sources of error have of necessity been ignored in the following dis- 
cussion. The number of colonies formed on subculture after a given exposure to penicillin 
has been taken as the number of organisms surviving at that moment, and has been used as a 
measure of the rate of bactericidal action. Within a single experiment, the comparative 
results with a series of penicillin concentrations nevertheless remain a valid measure of their 
r dative activity. 
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and 0.008 microgram per cc., the number of viable organisms at first increased 
over a 3 hour period, or remained stationaiy (growth approximately equal to 
rate of death), and gradually fell off thereafter. A slight increase in concentra- 
tion, to 0.012 microgram per cc., had a striking effect on tire rate of death. 



Fig. 1. The effect of the concentration of penicillin on the rate at which Streptococcus 
pyogenes (C-203) was rendered non-viable by penicillin G. (After data of Table I.) 

Thus, the number of viable organisms surviving after 6 hours’ exposure to 
0.012 microgram per cc. was l/5000th of the original inoculum, and was 
l/240th of the number surviving in the tube containing just 33 per cent less 
penicillin (0.00S microgram per cc.). As the concentration of penicillin was 
further increased to 0.016, 0.024, and 0.032 microgram per cc., the rate of 
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bactericidal action also increased, but to a smaller degree with each succeeding 
increment in concentration . A maximum effect was obtained with a concentra- 
tion of 0.064 microgram per cc., at which 99.99S per cent of the organisms were 
killed in the first 6 hours, and 99.94 per cent in the first 90 minutes, with no 



Fig. 2. The effect of the concentration of penicillin G on the time required to kill 99.9 per 
cent of the organisms in a suspension of Streptococcus pyogenes (C-203). (Summary of 5 
experiments resembling that of Fig. 1 and Table I.) 


indication of an initial “lag” period in the action of penicillin. Further in- 
crease in the concentration of penicillin, to as high as 512 or 2048 micrograms 
per cc. (32,000 times the maximally effective level of 0.064 microgram per cc.) 
did not further accelerate the rate at which the organisms were killed (cf. 
Hobby, Meyer, and Chaffee (1); Demerec (7)). 

Five similar experiments with the same C-203 strain, all with qualitatively 
and quantitatively similar results, are graphically summarized in Figs. 2 and 
3. In Fig. 2 the results are plotted to show the effect of the concentration on 
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the time required to kill 99.9 per cent of the organisms; and Fig. 3 shows the 
effect of penicillin concentration on the proportion of viable organisms after 6 
hours’ incubation at 37°C. In both of these figures, the graph with filled 
circles (.— .) refers to the experiment of Table I and Fig. 1. 

With tli is strain of streptococcus, a 15-fold difference in penicillin concentra- 
tion therefore comprised the total range of bactericidal activity, from concentra- 
tions which served only to reduce the net rate of multiplication (0.004 micro- 

TABLE H 

The Susceptibility of 5 Strains of Group A p-Umolytic Streptococci to Penicillin G 

^Concentrations of [ ... .... _ 

Concentration of penicillin G. riicroprcnx ,i penicillin (ntcra- \ Concentration of penicillin G, 

per cc. V ff5^r ter cc.) j riirrsrronj ptr cc. 

jj which 



• This 5 train was killed more rapidly Uud the others, and the values siven are the pcrccztsze of viable sur- 
vivors after 3 hours, rather than 6. 

t These fill-in values were obtained in a second experiment, 

§ Experiment of Table I. 

gram per cc.), to concentrations at which the organisms were killed at a maximal 
rate (0.064 microgram per cc.). 

Four other group A strains gave results qualitatively similar to those ob- 
tained with the C-203 strain described above: concentrations of 0.008 micro- 
gram per cc. regularly reduced the net rate of multiplication; a maximal rate 
of bactericidal action was effected by concentrations of 0.016 to 0.032 micro- 
gram per cc. ; and that rate was not affected by further increase in the concentra- 
tion of penicillin up to as much as 256 micrograms per cc. {cf. Table II). 

2. Group B fi-Hemolylic Streptococci .— A single experiment with a group B 
^-hemolytic streptococcus is given in detail in Table IH, and another experi- 
ment with the same strain is shown graphically in Fig. 4. Similar experiments 
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with 4 different strains are summarized in Table IV. As there shown, with all 
4 strains, concentrations of 0.016 microgram per cc. sufficed to reduce the rate 
of multiplication, and concentrations of 0.032 to 0.064 microgram per cc. 
effected a net bactericidal action which was maximal at concentrations of 
0.064 to 0.25 microgram per cc. 

With further increase in the concentration of penicillin, however, the rate of 
death did not stabilize at that maximum as in the case of the group A organisms 
previously studied. Instead, the maximal effect was observed only within a 
narrow optimal range of penicillin concentration. With further increase, the 
organisms were killed more slowly, and progressively more slowly the higher 
the concentration of penicillin. Thus, with each of tire 4 strains there were 

TABLE III 


A Paradoxical Zonal Effect in the Susceptibility of a Group B P-Hcmolytic Streptococcus ( Strain 

F20 ) to Penicillin G 



Concentration of penicillin, mtcragrams per cc. 

Time 

0 

0.032 

0.064 

0.128 

256 


Percentage of organisms still viable (inoculum 

= 100) 

hrs. 

3 

2,600 

42 

4 

1.8 

55 

6 

16,600 ! 

32 I 

0.056 

0.079 

15 

12 

35,600 

52 

0.004S 

0.016 

4 

24 

47,700 

S7 

0 

0.0004 

O.OS 

Time required to kill 99.9 per cent of 
organisms, hrs 


. 

> 

5.6 

5.8 

23 


from 10 to 200 times as many survivors after 6 hours’ exposure to 256 micro- 
grams of penicillin per cc. as there were after similar exposure to the optimal 
concentration of 0.064 to 0.25 microgram per cc. (e/. Table IV). This zonal 
effect, which is illustrated for the F20 strain in Fig. 4, was also apparent when 
the results were expressed in terms of tire time required to sterilize the culture. 
At tire optimal concentration of 0.1 microgram per cc., it required an average 
of 6, 7, 3.5, and 6 hours to kill 99.9 per cent of strains M22, F20, F21, and F22, 
respectively. The corresponding times required at concentrations of 1 micro- 
gram per cc. were 16, 21, 8, and 11 hours. This retarded activity of penicillin 
in high concentration was noted by Garrod (23), while studying tire rate at 
which staphylococci were killed by the drug. However, he ascribed this 
phenomenon to the presence of impurities in the penicillin, an interpretation 
which is not consistent with tire data here presented (cf. page 128). 

3. Group C . — Of tire 5 strains of group C streptococci listed in Table V, 2 
(M20 and M26) were killed at a maximal rate by relatively low concentrations 
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of penicillin (0.016 to 0.032 'microgram per cc.), and that maximal rate was 
unaffected even by an 8,000-fold increase in the concentration of the drug. 
The other 3 strains, however, showed a pronounced zonal susceptibility to 
penicillin, similar to that described for the group B organisms in the precedin 


TABLE IV 

A Paradoxical Zonal Effect in the Susceptibility of Group B P-Hcmolytic Streptococci to Penicillin 
(Illustrative Experiments with 4 Strains ) 


Strain No. 

Concentration of penicillin ( micrograms 
per cc.) which 

Zone 

phenom- 

enon 

at 

higher 

concen- 

trations 

Percentage of 
organisms surviv- 
ing after6hrs. 
exposure to 

Time required to 
kill 99.9 per cent 
of organisms at 

reduces 

growth 

effects net 
reduction in 
no. of viable 
organisms 

kills organisms 
at maximal 
rate 

optimal 
concen- 
tration of 
penicillin 

256 

micro- 
grams 
per cc. 

optimal 
concen- 
tration ol 
penicillin 

256 

micro- 
grams 
per cc. 








hrs. 

hrs. 

M22 


0.064 


+ 


6.6 

6-7 

16 

F20 

’ 9 



+ 


15 

6-7 

21-23 

F21 





0.01S 

1.1 

3.5 

8.5 

F22 



BUB 

+ 

0.11 

1.26 

1 

6 

12 


TABLE V 

The Susceptibility of 5 Strains of Group C f) -Hemolytic Streptococci to Penicillin G 


Strain No. 

Concentration of penicillin ( micrograms 
per ec.) which 

Zone 

phenom- 

enon 

at 

Percentage of 
orgnnisms surviv- 
ing after 6 hrs. 
exposure to 

Time required to 
kill 99.9 per cent 
oi organisms at 

reduces 

growth 

effects net 
reduction in 
no. of viable 
organisms 

kills organisms 
at maximal 
rate 

higher 

concen- 

trations 

optimal 
concen- 
tration ol 
penicillin 

256 

micro- 
grams 
per cc. 

optimal 
concen- 
tration ol 
penicillin 

256 

micro- 
grams 
per cc. 

M20 

0.004 

0.016 

0.016-0.032 

=fc 

0.03 

0.39 

hrs. 

3.9 

hrs. 

>9 

M26 

0.004 

0.016 

0.032 

0 

0.022 

0.02 

3.S 

4.7 

F23 

0.004 

0.016 

0.032 

+ 

0.017 

l.S 

4 

13.2 

M23 

0.004 

0.016-0.032 

0.032 

+ 

0.71 

15 

9.1,8 

14,21 

M31* 

1 

4 

4-S 

+ 

1.7 

74 

17 

SO 


* Identification as group C yS-hcniolytic streptococcus questionable. 


section. These 3 strains were killed most rapidly within a narrow range of 
concentrations, which centered at 0.032 microgram per cc. for strains F23 and 
M23, and 4 to S micrograms per cc. for strain M31. (The identification of the 
latter discrepant strain as a group C organism is, however, questionable; cf. 
footnote to Table V.) A relatively slight increase beyond those optimally 
effective levels markedly retarded the rate of death. This is shown in Fig. 5, 
which relates to strain F23 of Table V. The zone phenomenon was further 
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evidenced in the times required to kill 99.9 per cent of the organisms, as sum- 
marized in the last section of Table V. 

B. OL-Hemolylic Streptococci 

1. Streptococcus fecalis. — One of 5 experiments with a single zone-sensitive 
strain of Streptococcus fecalis is summarized in Table VI. Of 7 strains of 
Streptococcus fecalis similarly tested, 5 showed the same zonal phenomenon in 
the action of penicillin, and were remarkably uniform in their susceptibility to 
the drug. As is indicated in Fig. 6, the smallest concentration with a net 
bactericidal action was 3 micrograms per cc.; all 5 strains were most rapidly 

TABLE VI 


The Effect of the Concentration of Penicillin G on the Rale of Its Direct Bactericidal Action on 

Streptococcus fecalis 

(Illustrating one of 5 similar experiments with the same strain: original inoculum = 667,000 per cc.) 



Concentration of penicillin G, (tnicrograms per cc. ) 

Time 

0 

2 

3 

■1 

6 

8 

12 

16 

32 

512 

2, (US 


Percentage of organisms still viable af ter indicated time period 

hrs. 









1 

1 

1 

n 

1,950 

67 

4.7 

3.5 

2.2 

3.24 

7.2 




65 

3 

Kssact 

49 

«ig| 

0.18 

WSgJR 


1.32 


5.6 

48 


6 


26 



aRIff 




1.1 

13 

29 

12 

gpi 


SRI 



5i|g| 



EE3 

5.6 

6.4 

24 


®|||| 

us 

§9 


■ 

Be 


H 


1.12 

Time required to kill 99.9 












per cent of organisms, 


OO 

5.4 

4.1 

4.4 

5 

s 

S.l 

16 

33± 

40 

hrs. 













killed at concentrations of 4 to 6 micrograms per cc.; and the higher the con- 
centrations in excess of that level to which the organisms were exposed, the 
more slowly they were killed. Thus, after 6 hours’ exposure to concentrations 
of 64 micrograms per cc., there were, on the average, 20 times as many sur- 
vivors as there were at concentrations of 4 to 6 micrograms per cc.; and at 512 
micrograms per cc. the ratio was more than 400-fold. At 4, 16, 64, and 512 
micrograms per cc., it required an average of 5.1, 13, 27, and 40 hours, re- 
spectively, to kill 99.9 per cent of the organisms, a progressive decrease in the 
rate of bactericidal action of penicillin as its concentration was increased. 

The remaining 2 strains did not show the zone phenomenon under discussion. 
Like the other 5 strains (cf. top curves of Fig. 6), they were killed at a maximal 
rate at a concentration of 4 to 6 micrograms per cc.; but as with group A 
/3-hemolytic streptococci, that maximal rate was not thereafter affected by a 
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128-fold increase in dosage. It is of interest that these 2 “non-zonal” strains 
were killed only slowly by penicillin even at optimal concentrations. More 
than 4S hours were required to kill 99.9 per cent of the organisms, as contrasted 
with an average of 5 hours for the "zone-sensitive" organisms. 

2. Other Strains ofa-Hcmolytic Streptococci .— Five other strains of a-hcmoly- 
tic organisms were similarly studied (Table VII). In all, growth was signifi- 
cantly inhibited at concentrations of 0.016 to 0.032 microgram per cc.; with 



Fig. 6. The effect of the concentration of penicillin on the proportion of organisms surviving 
after 6 hours at 3/°C. (7 strains of Streptococcus jeeatis, of which 5 show the rone phenomenon). 

all, twice that concentration was clearly bactericidal, and concentrations of 
0.064 to 0.0128 microgram per cc. were maximally effective. With 3 of the 5 
strains, further increase in penicillin concentration beyond the optimally 
effective level caused the typical retardation of penicillin action, graphically 
shown in Fig. 7. 

As in the case of Streptococcus feed is (see above) there was no necessary 
correlation between the concentration of penicillin necessary to kill a given 
strain, and the absolute rate of that bactericidal action. Thus, there was only 
a 2- to 4-fold difference in the optimum concentration of penicillin for strains 
F25 and M29 at the bottom of Table AH. At those optimal concentrations, 
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TABLE VII 

The Susceptibility of 5 Strains of a-Hcmolytic Streptococci to Penicillin G 


Strain No. 

Concentration of penicillin {inicrograms 
per cc.)* which 

Zone 

phenom- 

enon 

at 

Percentage of 
organisms surviv- 
ing after 6 hrs.’ 
exposure to 

Time required to 
kill 99,9 per cent 
of organisms at 


reduces 

growth 

effects net 
reduction in 
no. of viable 
organisms 

kills 

organisms 
at maximal 
rate 

higher 

concen- 

trations 

optimal 
concen- 
tration of 
penicillin 

256 

micro- 
grams 
per cc. 

optimal 
concen- 
tration of 
penicillin 

256 
micro - 
grams 
per cc. 








hrs. 

hrs. 

■ 



0.064 

+ 

1.12 

■ 







+ 

0.12 


7.0 


M28 



0.128 

+ 

mm 

I 



F25 





tgm 

|||H 



M29 



0.128 


15.8 

nni 

25 

29 


* Based on a number of experiments with each strain, each similar to that of Tables I and 
III. 


J This strain was killed more rapidly than the others, and the values given are the per- 
centage of viable survivors after 3 hours, rather than 6. 



Fig. 7. The effect of the concentration of penicillin on the proportion of surviving viable 
organisms after 6 hours at 37°C. (5 strains of a-hcmolytic streptococci, 3 of which showed a 

zone phenomenon; i.e., decreased rate of death at higher concentrations of penicillin). 
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however, the proportion of survivors after 6 hours differed more than 1500- 
fold (<0.01 and 16 per cent, respectively), and the times required to kill 99.9 
per cent of the organisms differed 10-fold (2.4 and 25 hours, respectively). 

C. Diplococcus pneumoniae 

One of 5 similar experiments with a Tjpe I strain of pneumococcus is sum- 
marized in Table VIII. A concentration of 0.016 microgram per cc. signifi- 
cantly reduced the rate of multiplication; the smallest concentration which 

TABLE VIII 

The Effect of the Concentration of Penicillin G on the Rate of Its Pncumococcidal 

Activity in Vitro 

(Illustrating one of 5 experiments with a Type I strain of Diplococcus 
pneumoniae: original inoculum ■= 1.0S X If T per cc.) 


Concentration of penicillin G, rticrefrant fer ce. 


Tine 

in 

0.012 

0.016 j 0021 

0032 0018 

OMi 

m 

16 

512 

2,018 

Percentage" ruble »fter Indicated tine period 

bs. 

n 

3 

6 ' 
12 

24 

220 
! 3,300 
6,900 
|l2,000j 

! 

93 j 120 
400 200 

1,600 320 

620 — 

— 840 

97 

1.2 

1.1 

0.72 

61 

0.23 

0.042| 

lohs] 

9.5 

0.16 

0.036 

0.0022 

1° I 

4 

0.1 

0.054 

0.005 

O.OOOOj 

5.5 

0.09 

0.04 

0.008 

13 

0.8 

0.05 

0.005 

1 

24 

3 

0.075 

Time re- 
quired to 
kill 99.9 
per cent 
of organ- 
isms, 
hrs. 

■ 

CC 

1 

CC 

CC 

>24 

4.5 

1 

3.7 

3 

3 

1 

5.3 

j 

! 

5.8 


* Referred to original inoculum as 100. 


efiected a net decrease in the number of viable organisms was 0.024 microgram 
per cc.; and essentially the maximal rate of killing was observed at 0.064 micro- 
gram per cc. At the maximally effective concentration it required from 2.5 to 
5.1 hours to kill 99.9 per cent of the organisms, averaging 3.7 in the 5 experi- 
ments; and 0.004 to 0.072 per cent were still viable after 6 hours. 

Of particular interest was the indication in some, but not all, of the experi- 
ments with this strain of pneumococcus of a slight zonal effect similar to that 
previously described for some strains of streptococci. This is evident in Table 
VIII. 

Seven strains of pneumococci, of as many different types, were tested by the 
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same technic. As shown in Fig. 8, 6 of the 7 strains did not differ significantly 
with respect to either the effective concentrations of penicillin or the optimal 
rate of killing. One strain, a T} r pe XI organism, was much less sensitive to 
penicillin, and was killed more slowly, than the other 6. The maximally 
effective concentration was 1 to 16 micrograms instead of 0.064; and the maxi- 



Fig. 8. The effect of the concentration of penicillin G on the proportion of organisms sur- 
viving after 6 hours at 37°C. ( Diplococcus pneumoniae, types I, III, VIII, XI, XII, XIV, and 

XXIV)- 

mal rate at which tire organisms could be killed by penicillin was also low, 1.3 
per cent of the organisms surviving after 6 hours’ exposure to 16 micrograms 
per cc. 

D. Staphylococcus aureus and Staphylococcus albus 

An experiment with a single strain of Staphylococcus aureus is summarized 
in the 2 sections of Fig. 9. As shown in Fig. 9 a, as the concentrations of 
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penicillin were increased up to the optimal concentration of 0.096 microgram 
per cc., there was a progressively more rapid bactericidal action. However, 
when the concentration of penicillin was increased beyond that optimal level, 
this trend was reversed, and the rate at which the organisms were killed fell 
off progressively icj. Fig. 9 b). At concentrations of 1 microgram per cc., 
there were 110 times as many survivors after 6 hours as there were at 0.1 
microgram, and it required 19 hours instead of 5 to kill 99.9 per cent of the 
organisms. Qualitatively similar results were obtained in every one of 5 
experiments with this particular strain. 

Of a total of 9 strains of staphylococci tested, 7 of Staphylococcus aureus and 
2 of Staphylococcus albtis, in 2 there was a well defined concentration of penicil- 
lin which was maximally effective, with diminished activity at concentrations 
in excess of that optimum; and in 2 others tire zone phenomenon was less 
pronounced but none the less definite and reproducible (Table IX). With the 
other 5 strains the rate of bactericidal action increased with the concentration 
of penicillin to a maximum which was thereafter unaffected even by a 1000- 
fold increase. 

It is to be noted in Fig. 9 a that at borderline concentrations of penicillin 
(0.024 and 0.032 microgram per cc. in that experiment) an initial decrease in 
the number of viable organisms was followed by an increase, the number of 
organisms ultimately reaching the same level attained in the control tube. 
This phenomenon was relatively uncommon with the group A streptococci, 
pneumococci, and treponemata, and then only within a narrow threshold range 
of penicillin concentrations; it was observed not infrequently with Streptococ- 
cus fecalis; but was a regular occurrence in experiments with staphylococci. 
In some of the experiments, as in that of Fig. 9 a, this remultiplication of 
organisms became manifest within a few hours, and at a time when only a 
relatively small proportion had been killed; in other experiments tire remul- 
tiplication began only after 24 or 48 hours, sometimes after more than 99.99 
per cent of the organisms had been killed. In the case of staphylococci, and 
unlike any of the other organisms here studied, the daughter cells of the last 
few resistant survivors were found to have a significantly increased resistance 
to the action of penicillin. It is therefore probable that remultiplication began 
when the average multiplication rate of the resistant survivors (which pre- 
sumably developed as a mutation in the course of the experiment (7, 12)) ex- 
ceeded the rate at which those surviving organisms could be killed by penicil- 
lin. 


E. Treponema pallidum [Reiter) 

One of 5 similar experiments with the cultured Reiter strain of so called 
T . pallidum is summarized in Table X, and a second in Fig. 10. In those 
experiments, a concentration of 0.016 microgram per cc. significantly decreased 
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TABLE IX 

The Susceptibility to Penicillin G of 9 Strains of Slyphylococcus ( Strains Ml4 and MIS Were 
Staphylococcus albus; the Other 7 Were Staphylbcoccus aureus , 3 of Which Showed a 
Paradoxical Zonal Susceptibility ( Sloivcr Rate of Killing at Higher 
Concentrations of Penicillin)) 


Strain No. 

Concentration of penicillin ( micrograms per cc.) 
which 

Zone 

phenom- 

enon 

at 

higher 

concen- 

trations 

Percentage* of 
organisms surviv- 
ing after 6 hrs.’ 
exposure to 

Time required 
to kill 99.9 per 
cent of 

organisms* at 

reduces 

growth 

effects net 
reduction in 
no. of viable 
organisms 

kills organisms 
at maximal 
rate 

optimal 
concen- 
tration 
of peni- 
cillin 


optimal 
concen- 
tration 
of peni- 
cillin 

256 

micro- 
grams 
per cc. 

Smith 

0.016-0.032 

0.032 

0.064-0.128 

+ 

0.036 

13 

hrs. 

5 

hrs. 

27 

mm 

0.016 

0.032 

0.064-0.14 

+ 

o.os 

3 

5.8 

m 

mm 

0.016 

0.064 

0.128 

4- 

0.07 

- 3.2 

5.8 

9.7 


0.016 

0.032 

0.128 

+ 

0.23 

S.O 

9 

23 


0.016 

0.064 

0.25 

0 

7 

IS 

16 

21 

wfim 

0.25 

1 

1-1 6 § 

0 

6 

6t 

12 

11 

B 

0.016 

0.032-0.064 

0.064 

0 

0.19 

0.69 

8 

10 

M13 

0.032 

0.128 

0.25-1 

0 

1.1 

0.54 

11 

11 

M14 

0.016 

0.032 

0.064-0.128 

0 

0.9 

3.9 

23 

19 


* Results in single illustrative experiment. 

1 2,048 micrograms per cc. 

§ An initial decrease was followed by late regrowth at concentrations of 1, 4, and 16 micro- 
grams ( cf . text) but not at higher concentrations. 

TABLE X 

The Rate at Which T. pallidum ( Reiter ) Is Killed at Varying Concentrations 

of Penicillin G 


(Initial number of organisms in reacting mixture = 750,000 per cc.) 


Time at 37°C. 

Concentration of penicillin G, micrograms per cc. 

Concentration of penicillin* 
( micrograms per ec.) which 

0 

[ 0.016 

| 0.06i 

oas 

l 

| 256 

reduced 

growth 

effected 
net re- 
duction 
in No. of 
viable 
organ- 
isms 

killed 
organ- 
isms at 
maxi- 
mal 
rate 

Percentage! of organisms still viable after indicated 
time period 

hrs. 










6 

— 

127 

73 

27 

7 





24 

370 

54 

1.5 

0.54 

0.26 



■Mugs 

1-4 

48 

1,450 

— 

0.28 

0.038 

0.017 



3 


Time required to 










kill 99.9 per 










cent of organ- 










isms, hrs 

co 

? 

65 dz 

39 

32 

27 



— 


* Based on this and 4 similar experiments, 
t Referred to original inoculum as 100. 


118 
































HARRY EAGLE AN'D A. T>. MUSSELMAN 


119 


linnet rate of multiplication ; the minimal concentration with a net bactericidal 
action was 0.032 mierogram per cc.; and almost the maximum effect was i pro- 
duced by a concentration of 0.25 to 1 mierogram per cc. Thereafter, a 2000- 



Fig. 10. Effect of the concentration of penicillin G on the rate at which treponemata 
(Reiter strain) are rendered non-viahlc in vitro. 

fold increase in penicillin concentration, up to 2048 micrograms per cc. only 
slightly accelerated the rate at which the organisms were killed. These results 
with crystalline penicillin G agree qualitatively and quantitatively with those 
obtained in previously reported studies (2) with a sample of commercial penicil- 
lin known to contain significant amounts of the other penicillin species. 3 

* With amorphous penicillin, longer periods of time were necessary to effect 99.9 per cent 
reduction than with crystalline G; and the maximally effective concentration was significantly 
higher. Further, with commercial penicillin there was a greater tendency for the organism to 
grow out after an initial decrease. These differences may reflect the greater stability of 
crystalline penicillin in comparison with that of the amorphous commercial product, tinder the 
conditions of the experiment. 
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The slow rate at which these treponemal cultures were killed, as compared 
with for example Streptococcus pyogenes, is particularly to be noted (compare 
Fig. 10 with Fig. 1, or Table X with Table I). To kill 99.9 per cent of the 
treponemata at the maximally effective level of 1 microgram per cc. required 
from 23 to 33 hours, against 1.4 to 2.2 hours for the C-203 strain of Strepto- 
coccus pyogenes; and the proportion of organisms surviving after 6 hours was 1 
to 10 per cent, as compared to 0.002 to 0.01 per cent for the streptococcus. 

III. THE DIFFERENCES IN RESISTANCE TO PENICILLIN AMONG 
BACTERIAL POPULATIONS 

The susceptibility of bacteria to penicillin may be defined in terms of two 
variables : the concentrations of the drug which are necessary to kill tire bacteria, 
and the rate at which the organisms are killed at these concentrations. Al- 
though the former factor has been stressed in most previous studies, the maxi- 
mal rate at which a given bacterial strain can be killed by penicillin may also 
be of major therapeutic significance. Both factors varied widely among the 
strains here studied, and there w r as no necessary correlation between the two. 

A. Differences in the “ Effective ” Concentrations of Penicillin for Different 
Bacterial Species and Strains. — Three “effective” concentrations of penicillin 
have been here defined for a number of bacterial species and strains ( cf . section 
a of Table XI). (a) The first and lowest is that concentration of drug which 
suffices only to reduce the rate at which the net number of viable organisms 
increases. (This concentration may be of therapeutic significance if it should 
be proven that it renders bacteria in vivo more vulnerable to the body’s natural 
humoral or cellular defense mechanisms, even though it does permit multipli- 
cation at a diminished rate in vitro.) (b) At a somewhat higher concentration, 
penicillin causes a slow progressive reduction in the number of viable organisms. 
This approximately equals the- concentration which prevents visible growth 
in vitro , and thus approximates the “sensitivity” of a given strain to penicillin 
as ordinarily determined (1-4, S, 13, 14). It is not, however, the concentration 
at which tire organisms are killed at tire maximal rate in vitro, (c) The latter 
maximally effective concentration was usually 2 to 20 times tire minimal con- 
centration which was effectively bactericidal, and probably represents the con- 
centration which should be maintained at the focus of infection in order to kill 
the largest number of organisms in the shortest possible time. Even a 32,000- 
fold increase beyond this maximally effective concentration did not further 
increase tire rate of bactericidal action of penicillin. Unless high concentra- 
tions of penicillin can be shown to have an effect in vivo over and above their 
direct bactericidal action, then in the case of most of these organisms a penicil- 
lin level of for example 0.1 to 1 microgram per cc. maintained at the focus of 
infection w'ould be expected to be just as effective therapeutically as concentra- 
tions of 10, 100, or 1000 micrograms per cc. Extremely large doses of penicillin 



TABLE XI 

The Susceptibility of a X umber of Organisms to Penicillin 
(a) The Effective Concentration of the Drug 
(h) The Presence of a /.one Phenomenon ( Paradoxically Retarded Bactericidal Action ) 
at Iligl i Concentrations of Penicillin 

(c) The Time Required to Kill 99.9 Per Cent of the Organisms at Optimal and 
Excessive Concentrations 

(d) The Proportion of Organisms Surviving after Exposure for 6 Hours to Optimal and 
Excessive Concentrations of Penicillin 



(a) m '(jltnrc 

Concentrations of Ji bac- 
peniciliin G (micro- ' tcri- 
trams per ec.) which cidal 


(e) 

Time required to 
hill 99.9 per cent of 
organisms at 


U) 

Perce nugeof organ- 
isms surviving after 6 
hrs.’ ex;K);ure to 


E decreased 


•to.- «£$ 

jy o rgan -I 


! net rate killed; 
i of multi- or- 
i PVicalion pan- 
u isms “7 


killed 1 , opti- 

organV mum 

isms con- 

&t Yes No centra 

maai-Jl lions 

mal | of pen 

rate ! icillin] 


256 micro- : optimal 
grams per J concentra- 
te. and | tion of 
higher j penicillin 


256 micro- 
grams per 
cc. and 
higher 



0-hemo- Lancefield 
lytic Group A 
strepto- 
cocci 

Group B 


a-hemo- j 
lytic 
strepto- 


Stapby- S. aureus 
lococci j and 
I S. olbus 


Pneumo- Types 1 , 
cocci 3,8,12, 
14,24 


T. pallidum (non- 1 

pathogenic Reiter 11 

strain) 

■ — — i! 1 — ‘ SI 1 

• Although this strain reacted with a group C typing jerum, it was a lanceolate organism which grew in pairs 

?°. rt ,l ha “ 3 - ll<lu ' fied sekUn - aod fcltMOttd W.e, raiidne, mannite, trehalose, and sorbitol. 
It probably falls in the Streptococcus symogtnes group. 

X 512 micrograms per cc. instead of 256. 

$ Values for Type I strain only. 
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would be of therapeutic advantage only to the degree that they provided this 
maximally effective concentration for longer periods of time, and not by virtue 
of the higher absolute levels attained. 

The three effective levels of penicillin for the various bacterial species and 
strains here studied are summarized in section a of Table XI. In Figs. 11 and 
12, the lowest point in each curve indicates the maximally effective concentra- 
tion of penicillin for a single strain of each species, i.c. the concentration at 



Fig. 11. Effect of the concentration of penicillin on the time required to kill 99 per cent of 
the organisms. Illustrative single experiment with single strain each of T. pallidum (Reiter), 
Staphylococcus aureus, Streptococcus feealis, Diplococcus pneumoniae Type I, and Streptococcus 
pyogenes. 

which for example 99.9 per cent of the organisms were killed in the shortest 
time (Fig. 11), or at which there was the smallest proportion of viable survivors 
after 6 hours for example (Fig. 12). 

The large differences in the maximally effective concentrations for different 
species of bacteria are well known. Within a single species, different strains 
usually had approximately the same sensitivity. There were, however, oc- 
casional striking disparities (cf. the relatively resistant staphylococcal strain 
Mil in Table IX, and the Type XI pneumococcus in Fig. S; the identification 
of the discrepant M31 strain in Table V as a group C streptococcus was ques- 
tionable). 

The Varying Resistance to Penicillin of Individual Organisms in the Same 
Bacterial Culture: Within the same bacterial culture, individual organisms 
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also varied in their susceptibility to penicillin. At threshold concentrations 
of the drug only a fraction of the organisms might be killed; and an initial 
decrease in the number of viable organisms which reflected the death of the 
more susceptible, was often followed by the rapid multiplication of the rela- 
tively more resistant organisms. 4 All the organisms would, however, be 
killed by higher concentrations of penicillin. A 4-fold difference in concentra- 
tion constituted tire usual range of variation between the sensitivity threshold 
of the most susceptible and the most resistant organisms in a given suspension. 
The factor underlying this difference remains to be determined (cf. Foster (10); 
Foster and Wilker (11)). 

B. The Widely Varying Maximal Rales at Which Different Strains of Bacteria 
or Different Organisms within, the Same Strain Can Be Killed by Penicillin — 
The concentration of penicillin which suffices to kill a given bacterial strain 
in vitro affects what may be called the intensity of treatment; i.c., the dosage 
of p.enicillin to be administered, and the frequency with which that dose should 
be repeated. The pronounced differences between bacterial species in tin's 
respect have been stressed by numerous workers. It is, however, apparent 
from Table XI and Figs. 11 and 12 that there are also pronounced differences 
in the maximal rate at which the various bacterial species can be killed by 
penicillin. This is indicated by ^ the varying vertical position of the minima 
on the curves of Figs. 11 and 12. Thus, -after 6 hours’ exposure to the most 
effective concentration of penicillin, 1 to 10 per cent survived in the case of the 
Reiter treponeme (4 experiments), but <0.0004 per cent in the case of tire F24 
strain of group A /?- hemolytic streptococci, a difference in this respect of more 
than 2500-fold. Similarly, the times required to kill 99.9 per cent of the organ- 
isms in suspensions of these 2 strains were respectively 17 to 37 and 2 to 3 hours. 
Even within the same species, different strains varied markedly. With the 
M4 strain of Streptococcus fccalis, only 0.029 per cent survived a 6 hour exposure 
to the optimally effective concentration of penicillin, but 48 per cent of strain FI 
survived under similar conditions; and the times required to kill 99.9 per cent 
were 4.6 and >48 hours, respectively. These differences in the susceptibility 
of the bacterial strains to penicillin in terms of the rate at which they can be 
killed may well affect the length of time for which treatment must be continued 
to effect cure. An organism of which 99.9 per cent can be killed in for example 
3 hours will probably be more susceptible to treatment than one which requires 
48 hours’ exposure even at maximally effective concentrations of the drug. 

There was no necessary correlation between the concentration of penicillin 
necessary to kill a given organism, and the maximum rate at which that or- 

4 This may be observed in the absence of demonstrable mutation or adaptation. I he 
daughter cells of these relatively resistant survivors may have the same distribution of re- 
sistance as the original culture. 
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ganism could be killed by the drug. This is indicated by the wide scatter of 
the points in Fig. 13. Organisms exquisitely sensitive to penicillin in terms of 
the low concentrations which sufficed to kill the organisms at a maximal rate 
might be killed only slowly at that optimum concentration {cf. A and A in 
lower left of Fig. 13); while others killed only by high concentrations might be 
killed quite rapidly {cf. X in upper right portion of figure). Nevertheless, Fig. 
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Fig. 13. The correlation between the maximally effective concentrations of penicillin for 
various bacterial species and the rate at which the organisms are killed at those maximally 
effective levels. 

13 does suggest a rough correlation between the concentrations of penicillin 
maximally effective against the various strains, and the rates at which the 
organisms could be killed by those maximally effective concentrations. By 
and large, the more resistant a strain in terms of the amounts of penicillin 
required, the more resistant it was also in terms of the rate at which the or- 
ganisms were killed, and in the times required to sterilize a given suspension. 

C. — Yet a third factor which affects the “curability” of an infection with 
penicillin, over and above the effective concentrations of the drug, and the 
rate at which the particular strain of organism can be killed, is the initial number 
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of bacteria in the infected host. There are several reports which describe the 
bactericidal action of penicillin as a function of the number of organisms (15- 
17). In our own experiments, however, the initial number per cubic centi- 
meter usually had no material effect on the rate of bactericidal action of penicil- 
lin. Although there were occasional exceptions (cf. staphylococcus experiment 
in Fig. 14) essentially the same proportion was usually killed within a given 
time period whether the initial number was; e.g., 1000 or 1,000,000 per cc. 
(cf. Fig. 14). 



Fig. 14. The effect of the initial number of organisms on the rate at which bacteria arc 
killed by maximally effective concentrations of penicillin. 


It is nevertheless clear that the more organisms which are initially present 
in a culture or in an infected host, the longer will be the times required to effect 
sterilization or cure. Of an initial 1000 organisms, onty- > 99.9 per cent need 
be killed; 5 but with 1,000,000 organisms that proportion becomes > 99.9999 
per cent. A longer time is then required, not only because a larger proportion 
must be disposed of, but also because the last few highly resistant organisms 
require a disproportionately long exposure to the drug (cf. Figs. 1, 9, 10, and 14). 
It usually took as long or longer to kill the last 0.01 per cent of the organisms as 

5 Assuming that the persistence of 1 organism implies the persistence of infection : the argu- 
ment is not affected whatever one sets as the arbitrary threshold of cure. 
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it did to kill the entire first 99.99 per cent; and tlierc was usually an 8-fold dif- 
ference in the times required to sterilize suspensions of 1000 and 1,000,000 
organisms. 

It is perhaps unnecessary to point out that the foregoing considerations are 
based on in vitro experiments, and that the participation of the host may alter 
these relationships not only quantitatively, hut perhaps also qualitatively. 
However, such data as are available indicate that these inferences may be valid 
also in vivo. In syphilitic rabbits inoculated with 20, 2000, and 200,000 organ- 
isms, and treated 4 days later with a single injection of penicillin suspended in 
oil and beeswax, the doses necessary to abort infection in half the animals have 
been shown to be approximately 200, 500, and 3500 units per kilo, respectively 
(18). The larger the inoculum, the longer was the time period for which the 
effective concentrations of penicillin had to be maintained in order to kill the 
very last organism and thus abort the infection; and the correspondingly larger 
was the dose of penicillin which had to he administered. Even more striking 
correlations between the number of organisms in the infected animal, and the 
curative dose of penicillin ( i.c ., the period of time for which effectively bac- 
tericidal levels must be maintained) have more recently been observed in 
experimental pneumococcal infection in mice treated with penicillin in aqueous 
solutions (19, 20), 

The foregoing discussion involves the several factors of effective penicillin 
concentration, the varying rale at which different bacterial strains can be killed 
even at maximally effective levels of the drug, the number of organisms to be 
killed, and the total time for which the bacteria are exposed to effective concen- 
trations. A corollary to these factors is the therapeutic problem as to whether 
the exposure to penicillin should be continuous, and the penicillin concentra- 
tions in vivo therefore sustained at effectively bactericidal levels, or whether 
the penicillin levels may be intermittently allowed to fall below those effective 
levels without prejudicing the outcome of the treatment. Experiments on 
this point, with particular reference to the time required for various bacteria to 
recover from the toxic effects of penicillin in vitro and in vivo, will be described 
in a following paper ((19) ; cf. also (21)). 

IV. ZONE PHENOMENON’ : THE PARADOXICALLY REDUCED ACTIVITY OF 
HIGH CONCENTRATIONS OF PENICILLIN AGAINST CERTAIN BACTERIA 

A puzzling aspect of the present experiments was the demonstration that for 
many, but not all, strains of both oc- and ^-hemolytic streptococci, and for 
many strains of staphylococci, there was an optimal concentration of penicillin 
in excess of which the organisms were killed less rapidly than they were at the 
lower concentration {cf. (9)). This is evident in the curves of Figs. 4, 5, 6, 7, 
11, and 12, in which the well defined minima represent the optimal concentra- 
tions of penicillin. With a Type I strain of pneumococcus this zone was ob- 
served only irregularly, and was not pronounced. W 7 ith the other bacterial 
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species and strains here studied, there was no zonal effect; instead, the rate of 
bactericidal action readied a maximum at a concentration of penicillin charac- 
teristic of the particular strain, and which was not further affected even by a 
2000- to 32, 000-fold increase in penicillin concentration. 

With the organisms whidi showed this zonal susceptibility, the maximally 
effective range was sometimes extraordinarily narrow. Thus, with the S strain 
of Streptococcus fccalis (page 110), 2 micrograms per cc. did not suffice to sterilize 
the culture, and 4 to 6 micrograms were maximall}'' effective. When the 
penicillin concentration was increased to as little as 8 micrograms per cc., it 
was significantly less effective, and it became progressively less so the higher 
the concentration. Similarly, in the case of the Smith strain of Staphylococcus 
aureus (page 114), 0.032 microgram per cc. usually failed to sterilize the culture, 
0.064 to 0.096 microgram per cc. were maximally effective, and an increase to 
as little as 0.128 to 0.25 microgram per cc. significantly retarded the rate of 
death of the organisms. 

The zone phenomenon here described has not yet been satisfactorily ex- 
plained. (a) It was not necessarily related to the production of free penicil- 
linase. Although the Mil zonal strain of Staphylococcus aureus did inactivate 
penicillin in culture, the S strain of Staphylococcus aureus, the 5 strains of 
Streptococcus feealis, and the M31 strain of /J-hemolytic streptococci, all of 
which showed a definitely retarded bactericidal action at high concentrations 
of penicillin, had no effect on the drug when they were permitted to grow in 
solutions containing less than the inhibitory concentration (0.25 to 0.5 micro- 
gram per cc.) (cf. Table XII). 

(b) It seems unlikely that the zones were due to the presence in penicillin pf 
a trace of impurity which inhibited the action of the drug. Garrod (23) had 
noted the retarded action of penicillin at high concentrations against staphylo- 
cocci, but ascribed this to the presence of impurities, and stated that this zonal 
effect was not obtained with penicillin of about 85 per cent purity (cf. also 
reference 24). However, the data here reported with crystalline penicillin G, 
some lots of which were, on the basis of counter-current distribution diagrams, 
reported to be more than 95 per cent pure, indicate that this zonal effect is 
actually a property of the drug and not due to associated impurities. It is 
further difficult on the latter basis to explain the fact that the inhibitory' effect 
became evident at a level which differed so markedly among different bacterial 
strains, and corresponded so regularly to the range of effective concentrations. 
Further, different lots of crystalline penicillin G, from different manufacturers, 
behaved identically with respect to the zone phenomenon, and it was observed 
with penicillins K and X, as well as G. 

A clue to the nature of this paradoxical zone may be provided by the observa- 
tion that the degree to which the bactericidal action of penicillin was retarded 
at high concentrations varied not only with the concentration of the drug, but 
also with the number of bacteria. This point is under present study. 



HARRY EAGLE AND A. D. MU5SELMAN 


129 


TABLE XII 

Shooing that the Zeno! Susceptibility to Penicillin Is A 'cl Necessarily Related In the 
Ability cj the Particular Bacterial Strain to Destroy Pencil! in 

(0! 8 zone-sensitive organisms tested, only 1 was found to produce 
extracellular penicillinase) 
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In the treatment of infections caused by these zone-sensitive organisms, the 
initial blood and tissue levels provided by large doses of penicillin may be far in 
excess of those which are optimally effective in vitro. Those high concentra- 
tions may be correspondingly less effective in vivo. Although the blood and 
tissue levels eventually fall to the optimal concentration, they remain in that 
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optimally effective range for a relatively short period of time, because of the 
rapid rate at which penicillin is excreted. In the treatment of infections 
caused by such zone-sensitive bacteria, a number of relatively small doses of 
penicillin repeated at appropriate intervals (22), or the slowly absorbed suspen- 
sions of penicillin in oil and beeswax, may therefore be more effective therapeu- 
tically than extremely large injections which maintain the tissue concentrations 
at excessively high levels. The ideal method of treatment in such infections 
may well be a continuous infusion at a rate designed to maintain, at the focus 
of infection, a concentration of penicillin approximating that which is max- 
mally effective for the particular organism. 

SUMMARY 

1. The concentrations of penicillin G which (a) reduced the net rate of 
multiplication, (b) exerted a net bactericidal effect, and (c) killed the organisms 
at a maximal rate, have been defined for a total of 41 strains of a- and j3-hemo-. 
lytic streptococci, Staphylococcus aureus and Staphylococcus albus, Diplococcus 
pneumoniae , and the Reiter treponoma. 

2. The concentration which killed the organisms at a maximal rate was 2 to 
20 times the minimal effective level (“sensitivity” as ordinarily defined). With 
some organisms, even a 32,000-fold increase beyond this maximally effective 
level did not further increase the rate of its bactericidal effect. However, 
with approximately half the strains here studied (all 4 strains of group B /3- 
hemolytic streptococci, 4 of 5 group C strains, 5 of 7 strains of Streptococcus 
fecalis, 2 of 4 other a-hemolytic streptococci, and 4 of 9 strains of staphylococci), 
when the concentration of penicillin was increased beyond that optimal level, 
the rate at which the organisms died was paradoxically reduced rather than 
increased, so that the maximal effect was obtained only within a relatively 
narrow optimal zone. 

3. There were marked differences between bacterial species, and occasionally 
between different strains of the same species, not only with respect to the effec- 
tive concentrations of penicillin, but also with respect to the maximal rate at 
which they could be killed by the drug in any concentration. Although there 
was a rough correlation between these two factors, there were many exceptions; 
individual strains affected only by high concentrations of penicillin might 
nevertheless be killed rapidly, while strains sensitive to minute concentrations 
might be killed only slowly. 

4. Within the same bacterial suspension, individual organisms varied only 
to a minor degree with respect to the effective concentrations of penicillin. 
They varied strikingly, however, in their resistance to penicillin as measured by 
the times required to kill varying proportions of the cells. 
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THE REACTIVITY OF VARIOUS HUMAN SERA WITH MUMPS 
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A complement fixation test for mumps was first described by Enders and his 
coworkers (1, 2). This test, which employed suspensions of parotid glands from 
monkeys infected with mumps virus, was found very useful since antibodies 
could be detected in all patients following an attack of the disease. It proved 
particularly valuable as an aid in the diagnosis of some of the more unusual 
manifestations of infection with the virus of mumps, such as meningoencepha- 
litis in the absence of preceding or concurrent parotitis (3). Extensive studies 
on the correlation between the results of the complement fixation test and re- 
sistance to mumps (4) showed that the disease occurred practically always in 
individuals whose sera gave negative reactions prior to infection. A positive 
test was obtained in 72 per cent of the subjects admitting parotitis at some time 
in the past. It also was found positive in 42 per cent of individuals who failed 
to reveal previous attacks of mumps. This finding, indicating the frequency of 
inapparent infections with mumps virus, was substantiated by the demon- 
stration in some exposed individuals of the formation of complement-fixing 
antibodies in the absence of clinical signs of disease. 

The adaptation of mumps virus to the chick embryo led to a more readily 
available source of antigen (5, 6). An analysis of various preparations of tis- 
sues and fluids derived from chick embryos infected with this agent revealed 
that they contained at least two serologically distinct complement fixation 
antigens (7). One of these was found to be closely linked with the virus and 
present predominantly in the amniotic and allantoic fluids; the other was 
smaller in size and demonstrable mainly in the infected tissues; i. e., in the 
amniotic and allantoic membranes. The virus-bound or "V” antigen could be 
differentiated from the smaller soluble or “S” antigen by serum cross-absorption 
technique, in that antibodies against V could be removed from human con- 
valescent sera by absorption with this antigen, leaving iqqst of anti-S in solution 
and, conversely, absorption with S left antibodies against V in the serum. 
, This observation of antigenic differences was confirmed by the fact that human 
sera reacted to a varying extent with S and V preparations. The antigen 

* The work described in this paper was aided by the Office of Naval Research and the U. S. 
Public Health Service. 
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derived from the infected monkey parotid gland, which had been used by the 
earlier workers, has not been compared as yet with the chick embryo materials. 
It is impossible, therefore, to state definitely at present whether it contained 
measurable quantities of both the V and S antigens or only one of them. Cer- 
tain of the observations to be described point to dominance of the S antigen in 
suspensions of monkey parotid glands. 

It is the purpose of this paper to summarize the results of an extensive anal- 
ysis of the serological reactivity of human sera taken at various stages of infec- 
tion. The results show that antibodies against S antigen appear earlier, as a 
rule, than those against V, and that anti-V remains measurable usually for a 
longer period than anti-S. Thus, it will be shown that both antigens have 
their place in the early diagnosis of mumps, whereas in the determination of 
susceptibility use of the V antigen only appears sufficient. 

Materials and Methods 

Preparation of Complement-Fixing Antigens. — The egg-adapted strain of mumpr virus used 
for the preparation of antigens was obtained from Dr. John F. Enders in the 5th amniotic 
passage (6). It has been adapted to the allantoic sac of the chick embryo yielding allantoic 
fluids of high infectivity (10 s ID 6 o/xnl.). The antigens were prepared from allantoic fluids 
and chorioallantoic sacs of the 14th to 16th allantoic passages. Suitable numbers of 8-day-old 
chick embryos were inoculated with 0.5 ml. of infected allantoic fluid diluted in broth to 
10" 2 to 10~A The technic of inoculation has been described previously (7). After 5 days of 
further incubation of the eggs at 36-37°C. the allantoic fluids as well as the allantoic sacs were 
harvested aseptically. The fluids containing the virus-bound antigen (10 were dialyzed in 
sterile cellophane bags against 20 volumes of m/ 100 phosphate-buffered saline of pH 7.0 in 
order to remove most of the urates prior to irradiation with ultraviolet light by a technic 
previously described (S). 

The allantoic sacs were thoroughly washed in sterile buffered saline solution, drained on 
sterile filter paper, and weighed. A 20 per cent suspension in buffered saline solution was made 
by emulsifying the tissue in a Waring blendor for 3 minutes. After preliminary centrifugation 
of the suspension at 2,000 r.p.m. for 10 minutes, the supernatant fluid was subjected to high 
speed centrifugation at 20,000 r.p.m. for 20 minutes. The supernatant fluid obtained after 
this centrifugation served as soluble (S) antigen. 

Control antigens were prepared according to the methods described above from uninfected 
chick embryos of the same age and usually from the same batch of eggs supplying the mumps 
preparations. The normal allantoic fluid gave positive complement fixation tests with human 
sera only very rarely. In these cases, the control antigens prepared from normal allantoic 
membranes, likewise, gave positive results. The normal allantoic fluid was omitted, there- 
fore, in later tests. 

The dialyzed infected allantoic fluid was irradiated in order to inactivate the virus, and the 
membrane antigen was treated in the same way. To all antigens 1 :1 0,000 mcrthiolatc was 
added as a preservative. They proved to be stable at 4 C C. for at least 3 months. 

II nman Sera . — Blood was collected from patients 1 at varying stages of infection with 
mumps virus and permitted to clot. The serum was separated and inactivated at 60°C. for 

20 minutes. In case reactions with the normal control antigen were encountered, a second 

« 

1 The sera of 63 cases were studied in collaboration with Dr. Vera Oldfeld of the Epidcmis- 
jukhuset, Stockholm, Sweden. 
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healing of the sera to 60‘C. for 20 minutes frequently decreased this reactivity (2) but rarely 
removed it completely. The sera were stored in the frozen state at — 10°C. until used for 
the tests. 

Complement Fixation Test.— Twofold dilutions of the sera were prepared beginning with 
undiluted scrum or 1:2 in cases where low or negative reactions were expected, and with 
correspondingly higher dilutions in convalescent specimens. Of each dilution 0.1 ml. was 
transferred to 4 tubes each. Thus, 4 series of increasing dilutions were obtained, the first set 
to receive saline solution (scrum control); the second, mumps allantoic fluid (V antigen); the 
third, the supernatant fluid of normal allantoic sac (N antigen); and the fourth, the super- 
natant fluid of mumps allantoic sac (S antigen). The V and S antigens were used in optimal 
dilution; i.e., the dilution giving the highest titer with a standard scrum according to pre- 
liminary titrations. Such a standardization test is shown in Table I. The N antigen was 
diluted to the same extent as the S preparation, both showing approximately the same amount 
of nitrogen and phosphorus. Each antigen dilution was mixed with an equal volume of 

TABLE I 


Optimal Titration of S and V Antigens and Convalescent Scrum 


Serum i 

112 

S antigen 

V antigen 

Und, 

1:2 

1:3 

1:4 

1:6 

1:8 

1:12 

1:16 

1:24 

1:32 

1:45 

Uod. 
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1:3 

1:4 

1:6 

1:5 

1:32 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

wk 

0 

0 

0 

0 

(0) 

tr 
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0 
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0 = no hemolysis; tr = trace; wk = weak; st = strong; ac = almost complete; c = complete 
hemolysis. 

suitably diluted guinea pig complement and the mixture was then added to the corresponding 
tubes, in 0.2 ml. amounts. In large tests the antigen-complement mixtures were added by 
means of an automatic pipette. Sharp and Dohme “Lyovac” complement was used through- 
out. 5 It was adjusted to contain 1.5 minima] hemolytic units per 0.1 ml. After the primary 
incubation of the test at 37°C. for 1 hour, 0.2 ml of sensitized sheep cells (2.5 per cent) was 
added by automatic pipette. The test was further incubated at 37°C. for 1 hour when read- 
ings were recorded. The last dilution of serum giving complete fixation of complement (no 
hemolysis) was considered to be the end point. All antibody titers are recorded as the initial 
dilution of serum. Known positive sera were included in all tests. 

EXPERIMENTAL 

The Antibody Response Following Experimental Exposure to Mumps Virus — 

In order to study the development of antibodies to the two antigens in the 
course of infection with mumps virus, it was felt that experimental exposure 
of man to this agent would yield more dependable data, since the time of expo- 

5 e are indebted to Sharp and Dohme, Inc., for a generous supply of this material. 







136 


MUMPS COMPLEMENT FIXATION TESTS 


sure would be accurately known. Sera of such experimental cases were avail- 
able from studies for other purposes which will be reported separately (9). 
Fig. 1 demonstrates graphically the results of complement fixation tests with the 
V and S antigens and sera taken from a number of representative cases at 
varying intervals after experimental exposure to an oral spray of three different 
virus preparations. Cases F.G. and G.C. had been exposed, with other indi- 
viduals, to 5th passage amniotic fluid infected with a strain of mumps virus 
(J.P.), which had been isolated directly in eggs by the amniotic route from the 
spinal fluid of a patient with meningoencephalitis (10). F.G. and others not 
shown in the figure developed parotitis on about the 18th day after exposure; 
G.C. failed to do so and remained apparently well. On comparing the sero- 


mm-s — • 

ANTI-V- — -o 



Days after exposure 

Text-Fig. 1 . Development of antibodies following experimental exposure to mumps virus. 

logical results, it can be seen that both individuals developed antibodies to 
about the same extent, although only one became clinically ill. This result 
appears comparable to subclinical infections encountered under epidemic con- 
ditions (2, 4, 11). In both cases, antibodies to S antigen appeared earlier and 
reached high levels before anti-V commenced to rise. It should also be noted 
that anti-S had already reached a high titer at the time parotitis became mani- 
fest. 

Cases E.C., J.J., and C.H. were exposed to 16th passage allantoic fluid of the 
strain of virus received from Dr. Enders; i. c., the same agent which was used 
for the preparation of the antigens. These subjects, as well as several others 
not shown in the figure, failed to develop clinical signs of mumps. This strain, 
therefore, may be considered attentuated in regard to its pathogenicity for man. 
It can be seen that anti-S developed after about the same interval as in the 
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cases exposed to the virulent strain of virus. Tlie lag in the development of 
anti-V was quite marked in case E.C., and patient J.J. failed altogether to 
develop a significant level of this antibody. The serological response of patient 
C.H., on the other hand, was practically indistinguishable from that of the 
cases F.G., and G.C., exposed to the virulent %irus. Finally, the sixth patient, 
L.H., serves as an example of several cases exposed to infected monkey parotid 
gland, supplied by Dr. J. F. Endcrs. In tins patient, parotitis developed on 
the 20th day after exposure, at a time when both these antibodies were as yet 
low in titer. Again anti-S appeared somewhat before anti-V. The difference 
between these two antibodies might have been more strikingly demonstrable 
if sera had been available between tire 22nd and 32nd days after exposure. 

The Antibody Response Following Natural Infection . — Sera from cases of the 
natural disease during the epidemic of 1946-47 could be collected only after 
appearance of symptoms. The date of onset was supplied by the parents and 
its accuracy was possibly influenced by their vigilance. The serological data 
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Patjj oner onjsl of symptoms 

Text-Fig. 2. Development of antibodies in epidemic cases of mumps. 


obtained in many of these cases demonstrate that the antibody response in the 
natural disease is similar to that encountered after experimental exposure to 
the virus, as shown in Fig. 2 (cases 47, 49, and 89). The antibodies against S 
usually rise prior to those against V. In some of the cases, the first serum may 
have been taken too late to show this difference clearly, as in case 38, but the 
slope of the respective antibody curves indicates that anti-S may have been 
exceeding anti-V prior to the date of the first bleeding. Finally, case 63 is 
included to show that in some patients anti-V may develop simultaneously with 
anti-S or even prior to the latter. 

These data demonstrate that the reactivity of sera taken in the first few days 
of illness frequently is restricted to interaction with the S antigen. As a rale, 
this reaction leads to complete fixation of complement in all tubes up to the 
second last effective dilution of serum, the last giving only partial fixation. 
On occasions, however, the reactions with S antigen show marked zoning, and 
only partial fixation of complement, over a wide range of serum dilutions. This 
phenomenon has been observed previously by Enders, Cohen, and Kane (2), 
with antigens prepared from infected parotid glands of monkeys. Examples of 
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this activity are listed in Table II. Sera taken later in the disease always show 
the usual complete fixation of complement over a series of dilutions and partial 
fixation in only one or two further tubes. This reactivity of early sera is con- 
sidered significant but its interpretation is not yet clear. 

-The frequency with which these antibody relationships are encountered may 
be gleaned from Fig. 3. In this figure results are collected of complement 

TABLE II 


Cases of Mumps Showing Zoning and Partial Fixation of Complement with S Antigen in the 

First Days after Onset 


Institu- 

tion 

Patient No. 

Onset of 
disease 

Time 

after 

onset 

S antigen 

V antigen 

Dilution of serum 

1 

1:2 

1:4 

1:8 1:16 

1:32 

1:64 

1:128 1:256 

Serum titer 



1947 

days 








D 

77 

3/9 

2 


St 

wk wk 

ac 

(c) 


0 




19 


0 

0 0 

(0) 

wk 


32 

D 

55 

2/17 

1 


c 

st tr 

wk 

c 


0 




28 


0 

0 0 

0 

(0) 

c 

256 

H 

131 

4/11 

4 

wk 

tr 

0 0 

0 

0 


8 




7 

0 

0 

0 0 

0 

0 


32 

H 

154 

4/26 

2 

ac 

St 

wk ac 

(c) 

C 


■ 

0 




4 

St 

wk 

tr (0) 

tr 

ac 


0 




6 


(0) 

0 0 

(0) 

wk 


4 

H 

153 

4/25 

1 

wk 

tr 

(0) (0) 

(0) 

st 


0 




3 

0 

0 

0 0 

0 

0 


<2 

S 

189 

4/12 

0 

wk 

wk 

st st 

ac 



<2 




11 



0 0 

0 

tr 

wk 

64 

S 

168 

3/30 

4 


tr 

tr tr 

tr 

wk 

ac 

8 




19 



0 

0 

0 

0 ac 

256 


fixation tests with several hundred sera. Each dot represents one serum show- 
ing the titer of antibodies against S on the ordinate and that against V on the 
abscissa. The sera are grouped according to the time they were taken after the 
reported day of onset of mumps. It can be seen that in the 1st week of illness, 
most of the dots lie above the diagonal line, indicating that anti-S exceeds 
anti-V. In the first 3 days some of the sera have no antibodies against either 
S or V; many have no or low anti-V but already high anti-S antibodies; some 
are high in both, and in only a few the anti-V antibodies exceed the anti-S. 












G. JIENLE, S. HARRIS, AND W. HEN'T-E 


139 . 

From 4 to 7 days after onset, only very few of the patients fail to reveal signifi- 
cant les-els of antibodies against both antigens. The incidence of cases ruth 
high titers against S but low levels of antibodies against V has decreased. . From 
S to 28 days after onset practically all cases possess high levels of antibodies 
against V and S. Of the sera charted almost all had reached titers against the 



Anti-V Titer 

Text-Fig. 3. Correlation between antibody levels against S and V antigens at various 
times after onset of mumps. 

S antigen of 1:16 or higher, and most of them attained similar levels when 
tested with the V antigen. Thereafter the antibodies begin to decrease in 
titer, the S antibodies usually at a somewhat faster rate than those reacting 
with V. If sera are analyzed, which were collected 6 months to several years 
after infection with mumps virus, it can be seen that in practically all of them 
anti-V exceeds anti-S. The latter antibody may be low or absent in sera which 
show relatively high levels of anti-V. The sera of certain patients analyzed 
several years after an established infection with mumps virus show no detect- 
able antibodies against either antigen. 



. 140 


MUMPS COMPLEMENT FIXATION TESTS 


In a comparison of results from uncomplicated cases of mumps with those of 
patients showing complications, such as meningoencephalitis, orchitis, pan- 
creatitis, and others, no significant qualitative differences became apparent but 
the levels of antibodies tended to be higher in such patients.' This difference 
was about twofold when the geometric mean antibody levels were calculated 
for the two groups. Since only few complications were encountered during 
the mumps epidemic of 1946-47, further observations are required to ascertain 
whether or not there is a significant relationship between the time of appear- 
ance of antibodies and their concentration on the one hand, and the develop- 
ment of complications on the other. 

The Role of the V and S Antigens in the Diagnosis of Mumps . — A summary of 
the data presented, thus far, provides a diagnostic scheme as shown in Table 
III. If the serum of a patient has a high titer against the S antigen (1:16 or 
higher) and few or ho antibodies against V, the present illness is probably 

TABLE III 


Tentative Interpretation of Serological Results 


Anti-S titer 

Anti-V titer 

Interpretation 

■ware 

Low or absent 

First days of disease 

|^H 

High 

Recent apparent or inapparent infection, 
or current mumps of several days’ 
duration 

Low or absent 

Positive to varying extent 

Long past apparent or inapparent 
infection 


caused by mumps virus. High levels of both antibodies indicate a recent or a 
current attack of several days’ standing. Little or no anti-S, and distinct 
levels of anti-V (1 : 2 or higher) are considered signs of long past infection. The 
table provides certain criteria for diagnosis which must be interpreted in the 
light of the individual patient. 

It has already been pointed out that the order of events in the first days of 
illness does not always conform to the presented picture, but it does so suffi- 
ciently often to permit the early diagnosis of certain clinical manifestations, 
such as mumps meningoencephalitis in the absence of preceding or concurrent 
parotitis. Table IV shows serological data obtained in 12 cases of mumps 
meningoencephalitis in which parotitis was absent or developed at a later date 
(case L.H.). 3 In 8 of the 12 cases, the finding of high anti-S and low anti-V 
levels provided a serological diagnosis of mumps early after onset. Six of these 
S cases from whom a second serum specimen was obtained at a later date showed 

s The sera of 2 of these cases (L.M., and M.D.) were submitted by Dr. A. J. Rhodes, of the 
Connaught Medical Research Laboratories, Toronto, Canada. 
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TABLE IV 



subsequent rises particularly in anti-V. From the spinal fluid of one of the 2 
patients from whom a second serum could not be obtained, mumps virus was 
isolated. This confirmed the result of the complement fixation test (10). The 
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serological diagnosis of the remaining 4 cases listed in Table IV depended, as 
in the studies of Kane and Enders (3), on the demonstration of rises in anti- 
bodies over a period of 1 week or longer. Significant rises in antibodies were 
measured with both antigens. In several additional patients with meningo- 
encephalitis, the first available sera were taken rather late in the disease and 
yielded high titers against both V and S antigens. In these, no rises in anti- 
bodies could be measured and thus definite proof was not obtained that the 
neurological signs were a result of infection with mumps virus. 

TABLE V 


Antibody Response Following Subcutaneous Vaccination or Skin Testing 


Case 

No. 

Vaccination 

Case 

No. 

Skin testing 

Anti-V 

Anti-S 

Anti-V 

AnU'-S 

A 

B 

A 

B 

A 

B 

A 

B 

1 

0 

0 

0 

0 

1 

0 

0 

0 


' 2 

0 

0 

0 

0 

2 

0 

0 

0 

o 

3 

o 

6 

0 

3 

3 

0 

8 

0 


4 

<2 

48 

<2 

12 

4 

0 

32 

0 


5 

<2 

48 

o 

32 

5 

0 

32 

0 

8 

6 

<2 

24 

<2 

4 

6 

<2 

4 

<2 

4 

7 

<2 

24 

<2 

2 


<2 

16 

<2 

2 

8 

<2 

128 

0 

8 


<2 

32 

4 

S 

9 

2 

8 

0 

<2 


<2 

32 

<2 

4 


2 

96 

<2 

6 

Mm 

<2 

64 


4 

11 

2 

128 

0 

24 

mm 

2 

32 

<2 j 

S 

12 

4 

48 

<2 

16 


2 

16 



13 

16 

96 

3 

8 

mm 

4 

16 








mm 

4 

32 




A = serum taken before vaccination or skin test. 

B = serum taken 2 weeks after vaccination or skin test. 


The Antibody Response Following Vaccination and Skin Testing . — It has been 
shown by others that both vaccination of monkeys and man with inactivated 
mumps virus (12-14) and skin tests in man (2, 15) performed with mumps 
antigen, caused the formation of complement fixing antibodies. These obser- 
vations were confirmed in a study of a number of cases of each type. Ccntri- 
fugally concentrated virus served as vaccine and infected allantoic fluid as skin 
test material. The virus in both instances was inactivated by ultraviolet 
irradiation. Table V summarizes the data selected from representative groups 
which show the variability of the response. The results obtained following the 
two types of stimuli were very similar. As a rule, tire antibodies against V 
developed to a distinctly higher titer than those against S. In the majority of 
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these eases a restimulation of antibodies is indicated by the fact that low let els 
of anti-V were found in many of the sera taken before the skin test or before 
vaccination, a finding compatible with past apparent or inapparent infection. 
Among those eases whose sera did not react with V antigen prior to vaccination 
or skin testing, some responded with the formation of antibody, others did not. 
Whether those who responded had lost their antibodies in the years following 
infection, and whether their reaction must therefore be classified as restimula- 
tion, or whether the response represents antibody formation dc novo, cannot be 
stated at present. 

Non-Specific Reactions .— The reactions obtained with these antigens in the 
majority of the sera studied appeared specific in that the sera failed to react 
with control antigens. However, sera were encountered, on occasion, which 
gave positive complement fixation tests with suspensions of normal allantoic 
membrane. These occurred in spite of heating to 60°C. for 20 minutes. A 
second heating to 60°C. (2) removed some, but not all, of the non-specific 
reaction. This reactivity with control antigen affected particularly the inter- 
pretation of the reactions with S antigen and not so much those with V antigen. 
Absorption of such sera with particulate components of normal allantoic sacs 
sedimentable at 20,000 r.p.m., removed this reactivity and uncovered the 
specific reaction with the S preparation. Table VI demonstrates several such 
experiments. As can be seen, the three serum specimens obtained from case 
64 all reacted to about the same extent with N antigen. After absorption this 
reactivity was lost, whereas the reaction with the S preparation, although 
reduced by the absorption, showed the expected characteristic rise in titer 
during the first few days of parotitis. The reaction with V was not measurably 
affected by the absorption, nor was the Wassermann reaction. The latter was 
apparently a false positive, inasmuch as it became negative during convales- 
cence (16). Case 67 gave essentially similar results except that a true positive 
Wassermann test was encountered in this patient. Case 46 is included to show 
that absorption with normal membrane particles does not affect the titer 
against S antigen in sera which fail to show a reaction with N. 

The absorption experiments seemed to indicate that antibodies to normal 
chick components may occur in man on occasion and that Wassermann antigen 
is not involved in this reaction. To elucidate this question further, sera were 
obtained from 6 luetic patients with no recent history of mumps. None of 
these reacted with the normal membrane antigen and 4 were free of specific 
mumps antibodies. These data suggested, on the other hand, that heterophile 
antibodies, possibly related to Forssman antibodies, might be responsible for 
some of the non-specific reactions. This possibility was further supported by 
the observations that the sensitized sheep cells in the complement fixation test 
were agglutinated by some of the sera in the lower dilutions. Absorption of 
such sera with washed sheep erythrocytes frequently removed the non-specific 
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TABLE VI 


Removal of Non-Specific Reactions by Absorption with Particulate Components Derived from 

Normal Allantoic Membranes 


Case No. 

History 

Date of 
bleeding 

Treatment 
of scrum 

Antibody titers 

TS. 

Wasser- 

mann 

reaction 




N antigen 

S antigen 

V antigen 



1947 

— 

mm 

m 

1:16 

+ 



3/13 

Absorbed 

EH 

flU 

1:16 

+ 

64 1 

Pansinusitis 3/9 


— 

1:32 

1:32 

1:64 


Parotitis 3/13 

3/15 

Absorbed 

— 

1:8 

1:64 



i 

1 

i 



1:32 

1:64 

1:128 




3/18 

Absorbed 

— 

1:32 

1:128 





1 

1:16 , 

1:16 

1:4 

4 * 

67 

Lues. Skin test for 

f 3/15 

Absorbed 

1:2 

1 1:4 

1:4 

+ ' 

mumps 3/15 


— 

1:16 

1:32 

\ 1:128 

i . + 



3/31 

Absorbed 

<1:4 

1:16 

1:128 

+ 



| 



<1:2 

1:32 

<1:2 




3/4 

Absorbed 

— 

1:32 

<1:2 


46 

Parotitis 3/3 - 






1:128 

1:24 

_ 



3/8 

Absorbed 

— 

1:128 

1:32 

— 



3/12 

— 

— 

1:128 

1:128 





Absorbed 

— 

1:128 

1:128 



TABLE VII 


Removal of Non-Specific Reactions by Absorption with Sheep Erythrocytes 


Case No. 

History 

Date of 
bleeding 

Treatment 0 / 
serum 

Antibody titers 
vs. 

N antigen 

S antigen 

V antigen 

D4 

Positive 

(parotitis 3/7/47 ) 

1947 

3/7 

3/21 

Absorbed 

Absorbed 

1:64 

<1:4 

1:32 

<1:2 

1:64 

<1:4 

1:64 

1:32 

1:4 

0 

1:64 

1:64 

D7 

Negative 

3/3 

Absorbed 

1:8 

0 

1:8 

0 


51 

Positive 

(parotitis 2/28/47) 

3/17 

Absorbed 

0 

0 

1:64 

1:64 

1:32 

1:32 
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reactivity, whereas absorption of specific mumps convalescent sera revealed 
that the mumps antibodies were not affected by such procedures. Table VII 
shows some examples of this kind. 

DISCOSSIOK 

The data presented show that sera obtained from human beings at various 
stages of infection with the virus of mumps may differ distinctly in their content 
of antibodies against the two antigens, the virus particle (V) and the soluble 
antigen (S). In the early days of disease, anti-S antibody may reach high 
titers, whereas anti-V may still be low or absent. This has permitted the 
serological recognition of an infection with mumps virus, on occasion, on the 
1st or 2nd day of illness. This presumptive test has been confirmed in all 
instances studied by the demonstration of rises in antibodies in subsequent 
sera. It was found of great assistance in the early diagnosis of several cases of 
mumps meningoencephalitis in the absence of parotitis. 

For determination of resistance to mumps, use of the V antigen alone appears 
sufficient. Many more individuals, who experienced either apparent or inap- 
parent infections at some time in the past, will react with V than with S. The 
role played by anti-V in the resistance of an individual to mumps has not been 
definitely established. However, as has been shown (11), in a small group of 
children, no cases of mumps occurred among those giving significant reactions 
with V prior to an epidemic. On the other hand, not all of the children whose 
sera failed to react with V developed clinical or subclinical infections. This 
latter observation may depend upon several possible factors: (a) the intimacy 
of exposure may vary; (6) amounts of anti-V too small to measure may, never- 
theless, give protection, and ( c ) an antibody different from that measured by 
the described complement fixation technic may be responsible for resistance. 

A comparison of the data published by Enders and his coworkers (1-4), with 
those presented above, indicates that the antigen in suspensions of infected 
parotid glands of the monkey is dominantly of the S type. This suggestion is 
based particularly upon the fact that the marked zoning and the incomplete 
fixation of complement with occasional sera of the early acute phase which have 
been observed using monkey antigen were also found to occur employing the S ' 
antigen of the chick embryo, but not the V preparation. This suggestion is in 
line too with the finding of high antibody levels against monkey parotid antigen 
in some other patients on the first few days of disease. The monkey antigen, 
as prepared, contains virus particles. Whether the amount of it is sufficient to 
be reactive in the complement fixation reaction cannot be stated until strict 
comparisons are made of the various preparations of antigen with suitable 
immune sera. 

The serological response obtained under conditions of experimental infection 
with a human pathogenic strain of mumps virus appeared to be similar to that 
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of the epidemic illness in every respect studied. Furthermore, the exposure 
of human beings to “attentuated” mumps virus gave, in most instances, anti- 
body levels against V and S antigens comparable to those seen in uncomplicated 
cases of the natural disease. These data seem to indicate, therefore, that such 
a procedure may lead to an enduring immunity, a suggestion which has already 
been explored (17) and which will be investigated further. 

Intradermal or subcutaneous injection of inactivated mumps virus has been 
shown in the past to stimulate formation of complement-fixing antibodies (2, 
12-15). The present studies revealed that frequently only anti-V was formed. 
If anti-S also developed, its titer constituted, as a rule, only a fraction of that 
measured against V. Antibody formation in these cases was noted particularly 
if the treated individual already possessed some antibodies, whereas only part 
of those with negative complement fixation tests responded to such stimuli. It 
is possible that in these' instances too the rise in antibodies was the result of 
restimulation by small quantities of antigen, whereas for tire dc novo formation 
of antibodies, possibly more concentrated preparations of virus may be needed. 
These relationships call for further analysis. 

SUMMARY 

Human sera taken at various stages of mumps have been anafyzed in regard 
to their reactivity with two serologically distinct complement fixation antigens 
which were derived from the infected chick embryo. Antibodies to the soluble 
or S antigen appear earlier in tire disease and, as a rule, reach high levels before 
antibodies against tire virus-bound or V antigen commence to rise. In early 
convalescence, both antibodies reach high levels. Subsequently antibodies 
against the S antigen decrease usually at a faster rate than those against V, so 
that after a period of several years, frequently only anti-V may be left. 

These findings were found helpful in diagnostic procedures. The use of both 
the V and S antigens has permitted the early diagnosis of manifestations of 
mumps in the absence of parotitis, such as meningoencephalitis, since the finding 
of high levels of anti-S and of low titers of, or no, anti-V is considered diag- 
nostically significant for the first few days of illness. For the determination of 
"resistance the use of the V antigen appears more useful. 

Following vaccination or skin testing, antibodies against both antigens may 
develop; those against V increase more regularly and to higher titers than those 
against S. 
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Yeast nucleic acid has been shown by Okamoto (1) to induce the formation 
of a potent hemolysin in cultures of Streptococcus pyogenes. As reported by 
Okamoto, and confirmed in the present paper, the effect of nucleic acid is 
readily demonstrable since the hemolytic activity of filtrates or supemates of 
nucleic acid-broth cultures is at least 20 to 100 times greater than the activity 
of cultures prepared in broth to which no nucleic acid has been added. On 
blood agar containing yeast nucleic acid, the effect is manifest by the appear- 
ance of very large zones of beta hemolysis around the colonies. 

The nucleic acid effect has been investigated further in order to define the 
conditions necessary for producing the hemolysin on a large scale and in a 
manner which will facilitate its purification. In addition, although some of 
the properties of the nucleic acid-induced hemolysin have been described by 
Ito (2), the relationship of this hemolysin to the better characterized strepto- 
coccal hemolysins, streptolysin 0 and streptolysin S, requires clarification. 
Finally, an opportunity is afforded of studying an almost unknown biological 
effect of nucleic acid. 

Methods, Materials, and Terminology 

Preparation of Peptone-Infusion Broth. — Fresh beef hearts, freed of gross fat, were ground 
and then mixed wetl with tap water, 1 liter of water for each pound of ground heart. After 
being brought to 85°C. and infused at that temperature for 45 minutes, the mixture was 
filtered while hot, through paper. To each liter of infusion was added 10 gm. peptone (neo- 
peptone Difco) and 5 gm. reagent sodium chloride. After the ingredients were completely 
dissolved by bringing to a boil, the pH was brought to 7.9, the medium was boiled 1 to 2 
minutes, and then filtered immediately through paper. The medium was sterilized in the 
autoclave at 121°C. for 15 to 30 minutes. Immediately before inoculating, a freshly prepared 
solution of sodium thioglycollate was added to give a final concentration of 0.01 per cent. 

Culture Technique. — A 6 to 8 hour peptone-infusion broth culture of Streptococcus pyogenes, 
strain C203S, was distributed in 0.5 cc. amounts among a large number of sterile tubes, and 
then rapidly frozen solid in an alcohol-carbon dioxide freezing mixture. The tubes were 
stored in a dry-ice chest until needed. When required, a tube was thawed at room temper- 
ature, the contents diluted 10 times in sterile saline, and 0.1 cc. inoculated into each 10 cc. of 

* This work was supported in part by grants from the Life Insurance Medical Research 
Fund and the Ralph B. Rogers Rheumatic Fever Fund. 
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culture medium. Cultures were 10 cc. in volume, and were contained in 16 X 150 mm. 
culture tubes. Thcj r were incubated at 3/ °C. for IS to 24 hours. Unless otherwise indi- 
cated, the strain of streptococcus employed was C203S. 

Estimation of Hemolytic Activity. — The method is the same ns that employed in previous 
studies (3). The hemolytic unit is the amount of hemolysin which will lyse half the erythro- 
cytes (human) contained in 2 cc. of phosphate-buffered saline, pH 7, in 30 minutes at 37 c C. 
It has been observed that the stock suspension of washed erythrocytes slowly increases in 
sensitivity to the nucleic acid-induced hemolysin even though the suspension is stored at 
3-5°C. An erythrocyte suspension which is kept in the cold for 5 days is lysed by about half 
as much nucleic acid-induced streptolysin as that required to lyse suspensions prepared from 
fresh cells. The age of the erythrocyte suspension must therefore be taken into account when 
the same suspension is used for experiments performed over a period of several days. 

Preparation of Streptococcal Nucleic Acid. — Streptococcus pyogenes , strain C203S, was 
grown in 30 liters of casein hydrolysate medium according to the method described earlier (4). 
After centrifugation of the cultures, the cells were washed in saline, and dried in vacuo from the 
frozen state. Yield: 25 gm. 

S gm. dried cocci was ground in a mill of quarter-inch steel balls. The mill, one designed by 
Swift and Hirst (5), was charged with 2 gm. of cocci at a time, and operated for 20 hours at 
room temperature for each charge. Each 2 gm. of ground cocci was washed from the mill 
with portions of demineralized water totalling 100 cc. The pooled mill-washings were centri- 
fuged, the insoluble “cell fragments” were washed once in water, and the washing added to the 
supernatant aqueous extract. The aqueous extract contained 70 per cent of the total phos- 
phorus present in the intact cocci. Nucleic acid, chiefly of the ribose type, was isolated from 
the acid-precipitated nucleoprotein contained in tire aqueous extract, according to the pro- 
cedure of Sevag, Lackman, and Smolens (6). Yield: 0.S2 gm. 

Analytical Methods. — Total phosphorus was determined by the method of Lohmann and 
Jendrassick (7). Nitrogen was estimated by a modified micro Kjeldahl procedure. Purine 
ribose was estimated by the orcinol-pentose reaction, employing conditions essentially the 
same as those of Mejbaum (8). Under these conditions, the reaction measures purine ribose 
to the exclusion of pyrimidine ribose (9). 

Terminology. — The terms, ribonucleic acid and desoxyribonucleic acid, are employed with 
the knowledge that the pentose and desoxypentose of nucleic acids other than those of yeast 
and thymus, in most cases, have not been identified. 

EXPERIMENTAL 

I. Nucleic Acids 

Streptolysin Production as a Function of Concentration of l east Sodium 
Nucleate. — A series of tubes of broth containing different concentrations of 
commercial yeast sodium nucleate were inoculated and incubated at 37 C. 
After 18 hours, the hemolytic activity of the cultures was measured and plotted 
as a function of sodium nucleate concentration. As can be seen in Fig. h 
nucleate concentrations of less than 1 mg. per cc. had little effect, while con- 
centrations between 1 and 4 mg. per cc. caused increasing amounts of hemolysin 
to appear. In this experiment, concentrations greater than 4 mg. per cc. 
caused no further increase in the amount of hemolysin. The slope of the 
linear portion of the curve, and of curves obtained in similar experiments, 
showed that on the average, doubling the concentration of sodium nucleate 



ALAN V. BERNHEIMER AND MABCELI.E RODBART 


151 


approximately tripled the hemolytic activity. The maximum hemolytic 
.activity varied with different lots of broth, from 2000 hemolytic units per cc., 
as in the present experiment, to 4000 hemolytic units per cc. in others. 

When streptococci which liad grown in nucleic acid-broth were transferred 
to plain broth, the amount of streptolysin formed was the same as that usually 
found in plain broth, namely 30 to 100 hemolytic units per cc. It is evident, 
therefore, that nucleic acid does not induce a permanent change in the capacity 
of streptococci to form hemolysin. Maintenance of the effect in serial cultures 
requires the continued presence of nucleic acid. 

Sodium nucleate had no effect on the amount of bacterial growth as measured 
turbidimetrically. The final pH of cultures containing high concentrations of 



MG. YEAST SODIUM NUCLEATE PER ML. 

Eig. I. Hemolytic titer of broth cultures as a function of concentration of yeast sodium 
nucleate. 


sodium nucleate did not differ by more than 0.17 unit from that of cultures 
grown in the absence of sodium nucleate. 

Probable Identity of Nucleic Acid-Induced Streptolysin with Streptolysin S — 
Streptococci of theLancefield group A (. Streptococcus pyogenes) have been shown 
by Todd (10) to produce two distinct hemolysins designated streptolysin O and 
streptolysin S. Either or both hemolysins are formed in vitro depending upon 
the strain, the culture medium, and the conditions of incubation (11)? The 
properties of these hemolysins are described in the papers of Todd (10) and 
Herbert and Todd (11, 12). 

Study of the nucleic acid-induced hemolysin has shown that it is not acti- 
vated by reducing agents nor is it neutralized by appropriately diluted sera 
containing antistreptolysin O. It cannot be streptolysin O, therefore. The 
nucleic acid-induced hemolysin has the following additional properties: (a) 
nlike certain other hemolysins, including streptolysin O, it is not inhibited 
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by cholesterol (2, 13). ( b ) It is irreversibly inactivated by dilute acid and by 
brief heating, (c) Its production in infusion broth is suppressed by glucose 
(14). ( d) Initiation of hemolysis is preceded by a relatively long latent 
period (13). In these respects, the nucleic acid-induced streptolysin is identical 
with streptolysin S. There is, moreover, no evidence that the two hemolysins 
are not the same. 

If the nucleic acid-induced hemolysin and streptolysin S are identical, it 
follows that yeast nucleic acid should cause increased hemolysin production 
in strains known to produce streptolysin S. It follows, also, that yeast nucleic 
acid should not increase the formation of hemolysin by strains which produce 
only streptolysin 0. A series of strains of group A streptococci were investi- 

TABLE I 


Nucleic Acid Effect in Relation to Strain of Group A Streptococcus 


Strain 

Produces 

streptolysin 

S 

Produces 

streptolysin 

O 

Hemolytic titer of plain 
broth culture 

Hemolytic titer of broth 
culture containing 0.2 mg. ribo- 
nuclcase-resistant fraction of yeast 
nucleic acid per cc. 

Hrs. of incubation 
at 37°C. 

Hrs. 

of incubation at 37°C. 

23 

4S 

96 

23 

4S 

96 

16S 

C203S 

+ 

+ 

<100 

<100 

<100 

2650 

2260 

2000 

1200 

1685M 

+ 

? 

<100 

<100 

<100 

100 

600 

2000 

600 

Blackmore 

+ 

— 

<100 

<100 

<100 

2000 

2000 

2650 

750 

Lang 

+ 

- 

<100 

<100 

<100 

2000 

2000 

2650 

750 

C203U 

— 

4- 

i 

<100 

<100 

<100 

<100 

<100 

<100 

<100 

Wilson 86S 

— 

+ 

<100 

<100 

<100 

<100 

<100 

<100 

<100 

Hodder 872 

— 

+ 

<100 

<100 

<100 

<100 

<100 

<100 

<100 

Tucker S73 

— 

+ 

<100 

<100 

<100 

<100 

<100 

<300j 

<100 


gated from the point of view of the nucleic acid effect. The strains studied 
included several (Blackmore, Lang, Wilson S68, Hodder S/2, and Tucker 873) 
which had been previously analyzed by Colebrook el al , (15) and by Herbert 
and Todd (11) for their capacity to produce streptolysins 0 and S. 

The results, presented in Table I, show that the nucleic acid effect is readily 
demonstrable when strains known to produce streptolysin S are eniploj'ed, and 
that a comparable effect is not observed in strains which lack this capacity. 
These results constitute strong evidence for the identity of nucleic acid-induced 
streptolysin with streptolysin S, particularly when considered together with 
the fact that the properties of the two hemolysins do not allow them to be 
differentiated. 

Streptolysin-Inducing Activity of Various Nucleic Acid Preparations .— The 
usual methods of purifying nucleic acids did not alter appreciably the activity 
of commercial yeast nucleic acid. These methods included deproteinization 
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with chloroform and amyl alcohol (6), precipitation with glacial acetic acid (16), 
ethanol or barium (17), dialysis, and combinations of these procedures. In 


TABLE II 

Streptolysin-Inducing A clirily of Different Preparations of Ribonucleic and Desoxyribonucleic 
Acids. Effect of Ribonuclease on Streptolysin-Inducing Activity 


Type and source of nucleic acid 

Method of preparation 

Amount required 
to induce forma- 
tion of 1000 
hemolytic units 

1. Ribonucleic acid, yeast 

Commercial (Ma) 

mg. 

4.0 

2. Ribonucleic acid, veast 

Commcrical (Pf) 

2.3 

3. Ribonucleic acid, yeast 

Commercial (Scl) 

5.0 

4. Ribonucleic acid, yeast 

Commercial (Sc2) 

4.0 

5. Ribonucleic acid, yeast 

Commcrical (El) 

6.0 

A 6. Ribonucleic acid, yeast 

Commercial (E2) 

6.0 

7. Ribonucleic acid, beef liver 

Mirskyand Pollistcr (32), 

0.6 

8. Ribonucleic acid, wheat germ 

modified 

Clarke and Schryvcr (33), 

2.5 

9. Desoxyribonucleic acid, thymus* 

modified 

Hammarstcn (34) 

>10.0J 

10. Desoxyribonucleic acid, thymus (?) 

Commercial 

>10. 0§ 

11. Desoxyribonucleic acid, human pla- 

Hammarstcn, modified 

>10.0 

ccnta 



12. No. 3 treated with ribonuclcasc 


0.5 

13. No. 7 treated with ribonuclease 


0.6 

14. No. S treated with ribonuclease 


0.7 

15. Nucleic acid, streptococcal, |j strain 

i Sevag, Lackman, and 

1.0 

B 1685M, treated with ribonuclease 

Smolens 


16. Nucleic acid, streptococcal, ’i strair 

i (See Methods) 

0.8 

C203S. treated with ribonuclease 



17. Ribonucleic acid, tobacco mosaic 


>2.0 

virus** treated with ribonuclease 




* Kindly supplied by Dr. Milton Levy, New York, 

+ 5 mg. per cc. induced formation of 150 hemolytic units per cc.; control: 60 hemolytic 
units per cc. 

§ 5 mg. per cc. induced formation of 125 hemolytic units per cc.; control: 125 hemolytic 
units per cc. 

II Kindly supplied by Dr. M. G. Sevag, Philadelphia. Chiefly ribonucleic acid, but stated 
to contain 10 to 30 per cent desoxyribonucleic acid. 

^ Chiefly ribonucleic acid. 

** Kindly supplied by Dr. H. S. Loring of Stanford University, California. 

view of these findings, it seemed worth while to investigate the activity of 
nucleic acids from different sources. 

The sodium salts of eight preparations of ribonucleic acid and three of 
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desoxyribonucleic acid were tested for streptolysin-inducing activity. The 
sources of these preparations and the quantity of each required to cause the 
formation of 1000 hemolytic units are shown in Table II, A. All the prepara- 
tions of ribonucleic acid including those from liver and from wheat as well as 
those from yeast were active. Not all of the 'preparations, however, were 
equally effective in causing streptolysin formation, and it is particularly 
notable that the ribonucleic acid from liver and that from wheat were more 
active than most of the preparations derived from yeast. The three specimens 
of desoxyribonucleic acid contrasted strongly with ribonucleic acid in failing 
to stimulate streptolysin formation. 

Specificity of Ribonucleic Acid in Inducing Streptolysin Formation. — A 
number of naturally occurring materials were tested in order to determine 
whether any of them produced the same effect as ribonucleic acid when added 
to broth. These included yeast extract (20 mg. per cc.), Witte's peptone 
(100 mg. per cc.) acid hydrolysate of casein (0.6 per cent by volume), crystalline 
hemoglobin (2 mg. per cc.), horse serum (10 per cent by volume), protamine 
(1 y per cc.), lecithin 3.5 mg. per cc.), brain phosphatides (4.3 mg. per cc.), 
lipovitellin (1 mg. per cc.), glycogen (0.5 mg. per cc.), and a considerable 
number of other polysaccharides. With the exception of lecithin and rabbit 
serum, none of these materials was active. Lecithin and rabbit serum caused 
slightly greater hemolysin formation than that which occurred in broth to 
which nothing had been added. The effect of serum and lecithin was less than 
one-twentieth of that of comparable concentrations of ribonucleic acid. 

Adenosine triphosphate and diphosphopyridine nucleotide in concentrations 
of 0.5 and 1.0 mg. per cc., respectively, were found to be inactive. In addition, 
the following substances were found to have no activity: yeast adenylic and 
guanylic acids (0.4 mg. per cc.); adenosine and guanosine (0.4 mg. p<?r cc.); 
adenine, guanine, uracil, and cytosine (0.1 mg. per cc.); d-ribose (0.4 mg. per 
cc.). In one experiment, however, adenosine appeared to be active in stimu- 
lating streptolysin formation. Subsequent experiments failed to confirm tins 
finding. 

The following hydrolysates of yeast nucleic acid were prepared: 

(a) 5 gni. yeast nucleic acid was refluxed with 50 cc. 2 per cent sulfuric acid for 2 hours. 
The mixture was neutralized with sodium hydroxide. ( b ) 2.5 gm. of yeast nucleic acid was 
heated with 25 cc. of 2.5 per cent ammonium hydroxide in a sealed tube for 60 minutes at 
115°C. After removing a gelatinous precipitate, sodium hydroxide was added, and am- 
monia removed under reduced pressure in a stream of air. ( c ) 2 gm. yeast nucleic acid was 
allowed to stand at 28°C. in 0.5 n sodium hydroxide. After 3 hours, the pH was adjusted 
to 7.5. 

Each of the three hydrolysates was tested for streptolysin -inducing activity; 
none was found to be active. 

Effect of Ribonuclcasc on Activity of Ribonucleic Acid. — Since the streptolysin- 
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inducing activity of yeast ribonucleic acid was found to be destroyed by either 
acid or alkaline hydrolysis, it was of interest to study the effect of enzymatic 
degradation. For this purpose, crystalline ribonuclease prepared from beef 
pancreas (16) was employed. 

To 100 mg. sodium nucleate (yeast) dissolved in 4 cc. water was added 1 cc. 0.1 per cent 
solution of ribonuclease. After adjusting the pH to 7.6 and allowing digestion to proceed for 
4 hours at room temperature, the solution was passed through a Seitz filter and tested for 
streptolysin-inducing activity. The results, together with those obtained on testing sodium 
nucleate which had not been treated with ribonuclease, are shown in Table III. 

TABLE III 


Activation of Yeast Ribonucleic Acid by Ribonuclease 


Material added to broth 

Final concentration 

Hemolytic units per 
cc. culture 

Sodium nucleate 

m./cc. 

4.0 

500 


2.0 

125 


1.0 

<30 


i 0.5 

<30 

Sodium nucleate plus ribonuclease 

0.5 

1000 


0.25 

400 

None 

0.0 

<30 

Ribonuclease 

0.05 

<30 


It can be seen that as little as 0.5 mg. of digested nucleic acid stimulated the 
formation of 1000 hemolytic units while 8 times as much of the undigested 
nucleic acid stimulated the formation of only 500 hemolytic units. Numerous 
experiments, in which time and concentrations were varied, showed that, on 
the average, ribonuclease digestion caused a tenfold activation of yeast ribonu- 
cleic acid. Ribonuclease itself was found not to affect hemolysin production. 
Since the ribonuclease was known to be contaminated with trypsin and since 
its activating effect could conceivably be attributed to the latter, nucleic acid 
was incubated with a solution of crystalline trypsin, and then tested for strepto- 
lysin-inducing activity. No change in activity occurred. 

When ribonucleic acid derived from wheat germ was treated with ribo- 
nuclease, its activity increased 3 l A times (Table N, B). Liver ribonucleic acid, 
however, showed no change in activity when treated with the enzyme. It is 
notable that the activity of enzyme-treated ribonucleic acid is approximately 
the same regardless of whether the ribonucleic acid derives from yeast, mam- 
mallian liver, or wheat germ (Table H, B). 
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Three additional preparations of nucleic acid were tested for streptolysin- 
inducing activity. Two of these were derived from group A streptococci, 
strains 1685M and ,C203S, respectively, while the third was ribonucleic acid 
of tobacco mosaic virus. , Since these materials were available only in very 
small quantities, they were treated with ribonuclease prior to testing, on the 
assumption that activity could be detected if it were of the same order as that 
of enzyme-treated ribonucleic acid of wheat, liver, or yeast. As can be seen 
in Table II, B, nucleic acid from each of the two streptococcal strains was 
active, while that of tobacco mosaic virus was not. It is evident, therefore, 
that the nucleic acid derived from tobacco mosaic virus differs from all the 
other ribonucleic acid preparations in failing to cause lysin formation. 


TABLE IV 

Stability of Streptolysin-Inducing Activity of Ribonuclcasc-Trcatcd Yeast Ribonucleic Acid 


pH of solution 

Treatment 

Residual streptolysin- 
inducing activity 
compared to that ( 1 . 00 ) 
of solution heated 
at 100°C. for 10 min. 
at pH ?.l 

2.7 

Boiling water bath for 10 min. 

0.25 

4.1 

Boiling water bath for 10 min. 


7.1 

Boiling water bath for 10 min. 

1.00 

7.5 

Autoclave at 120°C. for 20 min. 

0.65 

S.5 

Boiling water bath for 10 min. 

0.27 

9.5 

Boiling water bath. for 10 min. 

0.17 


In view of the effect of ribonuclease on the activity of yeast nucleic acid, 
there arose the question of whether desoxyribonucleic acid might not become 
active when treated enzymatically. Experiments in which desoxyribonucleic 
acid was treated with desoxyribonuclease, or with ribonuclease, showed that 
desoxyribonucleic acid is not activated by either of these enzymes. 

Stability of Streptolysin-Inducing Activity of Ribonucleic Acid. — After ad- 
justing the pH of a series of aliquots of a 5 per cent solution of ribonuclcase- 
treated yeast sodium nucleate, and heating either in a boiling water bath or in 
the autoclave, the pH was adjusted to neutrality, and the solutions tested for 
streptolysin-forming activity. All solutions were sterilized prior to testing 
by immersing them in a boiling water bath for 10 minutes at neutrality. The 
residual activity of these solutions is shown in Table IV. It can be seen that 
the stability is greatest at or near neutrality, and that heating at a pH as low 
as 4.1 or as high as 8.5 caused a considerable amount of inactivation. 

Preparation and Properties of Active Fraction (AF) of Yeast Nucleic Acid.— 
When the digestion mixture resulting from the action of ribonuclease on yeast 
nucleic acid was dialyzed against water, the streptolysin-inducing activity 
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failed to dialyze. Making use of tins and oilier properties, a method was 
developed for the separation of the active portion of yeast nucleic add: 

100 gm. of commercial yeast nucleic acid (Sclnvarz) is dissolved in 750 cc. water by slowly 
adding 20 per cent sodium hydroxide, keeping the solution yellow to phenol red. The pH is 
then adjusted to 7.5, and die volume to 1 liter. The solution is now dcprotcinizcd by repeated 
shaking with chloroform and amyl alcohol according to the procedure of Sevag (6). To each 
100 cc. of sodium nucleate solution, 10 mg. crystalline ribonuclcasc is added. After allowing 
digestion to proceed at room temperature for 18 hours, the pH is adjusted to 8.0 with 20 per 
cent sodium hydroxide. 

To each 100 cc. of digestion mixture, 10 gm. sodium acetate is added with stirring. Suf- 
ficient ethanol is added, with stirring, to bring the concentration to 29 per cent. After 15 
minutes, the mixture is centrifuged, and the supemate decanted. Additional ethanol is 
stirred in to the supemate to a concentration of 40 per cent. After centrifugation and removal 
of the precipitate, the supemate is brought to an ethanol concentration of 50 per cent, re- 
centrifuged, adjusted to 66 per cent ethanol, and again centrifuged. Each of the four precip- 
itates is dissolved in 50 cc. water, and the solutions tested for streptolysin-forming activity. 
Most of the activity is present in the fraction precipitating between 29 and 40 per cent ethanol. 
This fraction is dialyzed in cellophane sacs against running tap water for 18 hours, during 
which time an increase in volume of approximately tenfold occurs. If a precipitate forms 
during or after dialysis, it is removed by filtration and discarded. The active material can be 
preserved in solution in the refrigerator, or, if desired, it can be precipitated with 2 to 3 volumes 
of ethanol, and dried with ether or acetone. The average yield was 4 to 8 gm. Approximately 
0.05 mg. of the product is required to cause the formation of 1000 hemolytic units. The 
activity per unit weight is about 100 times as great as that of the untreated nucleic acid. 

Several lots of yeast nucleic acid were fractionated in the manner described, 
but with some modifications in the order of the individual steps. Although 
the active fractions so obtained were not quantitatively identical in regard to 
content of nitrogen, phosphorus, and activity, certain differences between the 
active fraction and the parent nucleic acid were consistently observed. These 
differences are as follows: (a) The nitrogen '.phosphorus ratio increased from 
1.65 to 1.90-2.30. ( b ) The purine ribose increased from 23.5 per cent to 26- 
29.6 per cent, (c) The ultraviolet absorption curve differed significantly from 
that of ribonucleic acid (Fig. 2). Particularly notable are the shift in absorp- 
tion maximum from 260 mp to 256 mju, the shift in absorption minimum from 
231 mp to 226 m/x, and the marked increase in maximum absorption per unit 
weight of phosphorus. It is evident that AF is a polynucleotide whose con- 
stitution differs from that of classical yeast nucleic acid. 

Effect of Intestinal Phosphatase on Active Fraction of Yeast Nucleic Acid — 
Yeast nucleic acid has been found (18, 19) to be completely dephosphoiylated 
by phosphatase preparations from calf intestinal mucosa. For this reason, 
the effect of this enzyme on the streptolysin-forming activity of the active 
fraction of yeast nucleic acid was studied. 

Under conditions that were essentially the same as those employed by Zittle 
(19) in studying yeast nucleic acid, 100 mg. of active fraction of nucleic arid 
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was incubated at 25°C. with 33 mg. phosphatase in 63 cc. 0.025 iijsodium 
bicarbonate. At the end of 7 hours, it was found that 90 to 95 per cent of the 
total phosphorus had been converted to inorganic phosphorus. Assay of the 
digestion mixture for streptolysin-inducing activity showed that 2 to 3 tim es 
as much digestion mixture was required to stimulate the same amount of 
hemolysin formation as was induced by an undigested control solution con- 



WAVELENGTH IN m/J 

Fig, 2. Ultraviolet absorption spectra of yeast nucleic acid (A) and streptolysin-forming 
fraction (AF) of j'east nucleic acid (B). Both solutions diluted to contain 3.5y phosphorus 
per cc. Absorption cells, 10 mm. 

taming active fraction plus heat-inactivated phosphatase. It is evident that 
dephosphorylation resulted in a partial loss of activity. 

Docs Ribonucleic Acid , Regardless of Source, Possess a Ribonudcase-Rcsistcvil 
Fraction ? — It has been repeatedly observed (16, 20-22) that yeast nucleic acid 
is incompletely digested by pancreatic ribonuclease, and that after treatment 
with the enzyme, there remains a ribonuclease-resistant, non-diffusible portion 
representing, according to Loring, Carpenter, and Roll (22), about 50 per cent 
of the original nucleic acid. The present studies show that the streptolysin- 
inducing activity is associated with the ribonuclease-resistant fraction. Since 
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the activity of ribonucleic acid was found to depend upon the source (Tabic II), 
those preparations from yeast, wheat germ, and streptococci being active, 
while that of tobacco mosaic virus being inactive, it was of interest to determine 
whether all of these preparations possessed ribonuclease-resistant fractions. 

To approximately 20 mg. veast sodium nucleate in 2 cc. 0.05 M borate buder of pH 7.0, 
was added 1.6 mg. crystalline ribonuclcasc. Tbc mixture, contained in a cellophane sac, was 
dialyzed against 1 liter of 0.05 si borate buffer at 22°C,, with constant agitation. After 20 
hours, the degree of hydrolysis was estimated from the quantity of purine and pyrimidine 
(absorption at 260 mu) found in the residue and dialysatc, and from analysis of the residue for 
total phosphorus. Preparations of nucleic acid derived from wheat germ, streptococcus, 
strain C203S, and tobacco mosaic virus, were treated with ribonuclcasc under conditions 
identical with those employed with yeast nucleic acid. In addition, the nucleate solutions 
were analyzed for desoxyribonucleic acid according to the method of Stumpf (23). 

TABLE V 


Dijfiisibility of Products of Ribonudcasc-Trcaicd Ribonucleic Acid Derived from Streptococci , 
I'cajf, Wheat Germ, and Tobacco Mosaic Virus 


Source of ribonucleic arid 

Desoxy- 

ribonucleic 

acid 

content 

(A) 

Proportion of 
260 m^i 

absorbing sub- 
stance vrhich 
appeared in 
dialysate* 

(B) # 

Proportion of 
total P \rhicb 
appeared in 
aialysatet 

A, corrected 
for content 
of desoxy- 
ribonucleic 
acidS 

B, corrected 
for content 
of desoxy- 
ribonucleic 
acidS 


per cent 

per cent 

per cent 

per cent 

per cent 

Streptococcus C203S 

8.5 

69 

62 

75 

68 

Yeast 

0.0 

62 

70 

62 

70 

Wheat germ 

11.5 

53 

59 

60 

67 

Tobacco mosaic virus 

_JI 

62 

— 

62 

— 


* Determined in Beckman quartz spectrophotometer. 

t Computed by subtracting total P inside of sac after dialysis, from total P before dialysis. 

§ Calculation based on assumption that no desoxyribonucleic acid dialyzed. 

11 Not determined. 

The results presented in Table V show that enzymatic treatment of the four 
ribonucleic acid preparations converted to diffusible form 75, 62, 60, and 62 per 
cent, respectively, of the 260 mp-absarbmg substances, and 68, 70, and 67 per 
cent of the phosphorus of the first three preparations. It therefore appears 
that preparations of nucleic acid derived from streptococci, yeast, wheat germ, 
and tobacco mosaic virus, resemble each other in possessing a ribonuclease- 
resistant fraction, and one which is present in about equal amount in all of 
them. It is evident, also, that the presence of a ribonuclease-resistant fraction 
does not mean that a particular nucleic acid will stimulate the production of 
hemolysin, since ribonucleic acid of tobacco mosaic virus, although possessing 
a ribonuclease-resistant fraction,, failed to cause hemolysin formation. 
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II. Carbohydrates 

The medium used in the experiments described in the preceding sections was 
peptone-infusion broth. As has already been stated, it was desired to produce 
the streptolysin under conditions which are better defined than those provided 
by this medium. For this purpose, a medium whose chemical composition is 
essentially defined (4) was substituted for peptone-infusion broth. In the 
defined medium, however, the streptococci produced relatively little streptoly- 
sin in the presence of an excess of AF, even though bacterial growth was 
comparable to that in peptone-infusion broth. Occasionally, cultures grown 
in defined medium containing AF produced 500 or more units of streptolysin 

TABLE VI 


Streptolysin-Promoting Effect of Peptone-Infusion Broth 


Additions to defined culture medium 

Hemolytic 
units per cc. of 
culture 


— 

1 cc. YNA digest 


1 cc. YNA digest + 1 cc. peptone-infusion broth 


3 cc. peptone infusion broth 


1 cc. YNA digest + 1 cc. 1 per cent peptone 

1000 

1 cc. YNA digest + 1 cc. meat infusion 

2000 

1 cc. YNA digest + 0.5 cc. dialyzable fraction of meat infusion 

1000 

1 cc. YNA digest + 1 cc. non-dialyzablc fraction of meat infusion 

1000 




Each tube contained 9 cc. defined medium (4), 0.05 per cent glucose, and O.OIcc. inoculum. 

YNA digest: 1 percent solution of yeast nucleic acid containing 0.01 percent ribonuclcasc. 

Peptone-infusion broth prepared as described in Methods. 

All solutions were sterilized at 15 pounds steam pressure for 15 minutes, excepting dialysis 
fractions which were sterilized at 100°C. for 10 minutes. 

per cc., but the formation of this much streptolysin was unusual and not 
reproducible. When, however, a sufficient amount of peptone-infusion broth 
was added to the defined medium, the effect of AF was consistently demon- 
strable. It also was clear that, in the absence of AF, no amount of peptone- 
infusion broth was effective in inducing a significant degree of streptolysin 
formation. These observations suggested that peptone-infusion broth contains 
a factor, or factors, other than ribonucleic acid, necessary for the formation of 
streptolysin. When peptone and meat infusion were tested separately, it was 
found that either supplied the missing factor(s). The factor(s) in both mate- 
rials withstood autoclaving at or near neutrality. Approximately 70 per cent 
of the activity of meat infusion was found to be dialyzable and was recoverable 
from the dialysate. Experimental data illustrating most of these results arc 
summarized in Table VI. 
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Additional experiments showed that: (1) heating meat infusion at 100 C. 
for 60 minutes at pH 12 destroyed approximately three-fourths of the strepto- 
lysin-promoting activity; (2) heating the infusion at the same temperature 
for the same length of time at pH 1 resulted in little or no change in activity; 
(3) incineration of meat infusion destroyed completely the streptolysin- 
promoting activity. 

Streptolysin-Promoting Effect of Maltose .— In order to find out whether they 
could replace meat infusion, a number of substances believed to be present in 
meat infusion, and having properties similar to those just described, were 
tested for streptolysin-promoting activity. It was found that very low con- 
centrations of maltose consistently induced the formation of streptolysin in 
defined medium containing AF. The effect of maltose on streptolysin produc- 
tion is shown in Table VII. In studying streptolysin formation as a function 

TABLE VII 


Streptolysin-Promoting EJjcct of Maltose 


Final concentration of maltose in 
medium 

AF 

Hemolytic units per cc. of culture 

m/4000 

CC. 

0,1 

2200 

ss/8000 

0.1 

2200 

m/32,000 

0.1 

900 

m/64,000 

0.1 

150 

None 

0.1 

<100 

m/4000 

None 

<100 


Medium as described in reference 4 but containing 0.05 per cent glucose and 0.2 per cent 
potassium bicarbonate. 


of maltose concentration, the amounts of streptolysin formed in response to 
the very lowest maltose concentrations were found not to be quantitatively 
reproducible. However, as little as h/64,000 maltose usually had a detectable 
effect, provided the initial concentration of glucose was m/360 and an excess of 
AF was present. The maximum yield of streptolysin, 1500 to 3000 units per 
cc. of culture, was obtained when the initial maltose concentration was ap- 
proximately m/ 20, 000. Higher concentrations sometimes depressed the yield. 
It was observed, also, that maltose was not effective in promoting streptolysin 
formation when the medium was deficient in AF (Table VII). 

Effect of a-Glucosidase on Streptolysin-Promoting Action of Maltose . — Unless 
the effect of maltose is due to an impurity, it follows that enzymatic hydrolysis 
of maltose will destroy its streptolysin-promoting action. 

To 20 cc. u/80 maltose in m/ 60 phosphate buffer, pH 7, was added 10 cc. water containing 
10 mg. of a preparation of a-glucosidase. After setting the mixture at 30°C,, 1.5 cc. aliquots 
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were removed at intervals, placed in boiling water for 5 minutes, and chilled. After bringing 
the volume of each aliquot to 5 cc., 0.1 cc. was tested for streptob'sin-inducing activity, em- 
ploying defined medium deficient in maltose but containing AF. In addition, each aliquot 
was tested for reducing sugar according to the method of Nelson (24), and from the reducing 
values, the extent of maltose hydrolysis was computed. Curves showing streptolysin -inducing 
action as a function of time, and maltose hydrolysis as a function of time are given in Fig. 3. 

It can be seen that in 10 minutes, when approximately 45 per cent of the 
maltose had disappeared, there was an appreciable reduction in streptolysin- 
inducing activity, while at 60 minutes, when approximate^ 75 per cent of the 
maltose had disappeared, there no longer was stimulation of streptolysin 
formation. It is clear that hydrolysis of maltose was accompanied by disap- 
pearance of streptolysin-inducing capacity. 



Fig. 3. Effect ofcr-glucosidase on streptolysin-promoting capacity of maltose. Abscissa: 
Time of hydrolysis of maltose in minutes at 37°C., pH 7.0. Zero time corresponds to 
m/40,000 maltose. 

Specificity of Maltose . — In order to investigate the specificity of maltose 
in causing streptolysin formation, a considerable number of carbohydrates 
were tested. 

After sterilizing by immersion in boiling water for 10 minutes, solutions of carbohydrates 
were added singly to defined medium containing AF and ar/360 glucose. Most of the sugars 
and simple sugar derivatives were tested in final concentrations of m/4000 and m/40,000, while 
most of the polysaccharides were tested in final concentrations of 1 mg. and 0.1 mg. per cc. 
Additional concentrations were tested when the results indicated this to be desirable. Mal- 
tose, in a concentration of m/30, 000, produced approximately 1000 units of streptolysin per 
cc., and it was arbitrarily assigned a “streptolysin-producing value” of 100. The relative 
activities of other carbohydrates were computed from the concentrations required for the 
formation of 1000 units of streptolysin. When the molecular weights were known, the 
relative activities were reckoned on a molar basis; otherwise on a weight basis. The strepto- 
lysin-inducing capacity of the substances tested is shown in Table VIII. 
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TABLE Vin 


SlrtpMysitt-Itsdttcing Capacity oj Carbohydrates ar.i Related Substances 


Monosaccharides 

d-Glucosc 

d-Mannosc 

/-Rhamnose 

d-Fructosc 

rf-Galactose 

d-Arabinosc 

d-Ribosc 

d-Xylosc 

Disaccharides 

Maltose (4-d-glucopyranosyl-a-d-glucopyranoside) . . . 
Lactose (4-d-glucopyranosyl-j3-d-galactopyranoside) . . 
Sucrose (1-a-d-glucopyranosyl-fJ-d-fructofuranosidc) . . 
Trehalose (l-a-d-glucopyranosyl-a-d-glucopyranosidc) 
Cellobiose (4-d-glucopyranosyl-0-d-glucopyranoside) . . 
Melibiose(6-d-glucopyranosyl-a-d-galactopyranoside) 
Tri- and polysaccharides 

Raffinose 

Glycogen (beef liver) 

Glycogen (oyster) 

Starch 

Dextrin 

Inulin 

Potassium hyaluronate (umbilical cord) 

Potassium hvaluronate (vitreous humor) 

Chondroitin sulfate 

Hexahydric alcohols 

Inositol 

Dulcitol 

Mannitol 

Sorbitol 

Miscellaneous hexose derivatives 

Sodium thioglucose 

Glucosamine 

jV-Acetylglucosamine 

Glucose-l-phosphate 

Fructo5e-6-phosphate 

Fructose-1 , 6-diphosphate 

a-Methylglucoside 

Salicin 

Calcium maltobionate 


Activity relative 
to maltose 


<5 

10 

<5 

<5 

<5 

<10 

<2 

<5 

100 

<5 

<5 

20 

<S 

<5 

10 
ca. 2 
ca. 2 
ca. 2 
10 
<10 
2 

<1.5 

<1.5 

<5 

<10 

<5 

<5 

<5 

30-50 

<10 

<5 

<5 

<5 

<5 

<5 

<5 


Vt e are indebted to Dr. W. F. Goebel for supplying us with mammalian glycogen, to Dr. 
M. Levy for oyster glycogen, to Dr. M. P. Schubert for sodium thioglucose, A'-acetylglucos- 
amine, potassium hyaluronate, and chondroitin sulfate, and to Dr. F. H. Stodola for calcium 
maltobionate. 
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It is evident that none of the substances tested was as active as maltose. 
Approximately 10 times as much dextrin, and about 50 times as much glycogen , 
were required to produce the same effect as maltose. Of the sugars having 
configurations most closely resembling that of maltose, only trehalose was 
found to be active, and its activity was about one-fifth that of maltose. None 
of tire pentoses was found to be active, and of tire hexoses tested, only d-man* 
nose possessed significant activity. It was about one-tenth as active as 
maltose. Other than maltose and trehalose, none of the a'-glu cosides, hexa- 
hydric alcohols, or phosphoiylated hexoses tested was found to be active. 
In contrast to these findings, glucosamine proved to be highly active. In 
concentrations of m/10,000 to m/ 15,000, it produced as great an effect as 
m/30,000 maltose. iV-Acetylglucosamine was found to have little or no 
activity. 

/ 

DISCUSSION 

Particular attention has been paid to the specificity of ribonucleic acid in 
inducing hemolysin formation, and the results show that no other substance 
tested, including desoxyribonucleic acid as well as acid and alkaline hydrolysis 
products of ribonucleic acid, produces the same effect as ribonucleic acid. It 
should be noted, however, that not all preparations of ribonucleic acid are 
active. The activity apparently depends upon the source. Preparations of 
ribonucleic acid derived from yeast, wheat germ, streptococci, and mammalian 
liver, were found to be active, while nucleic acid derived from tobacco mosaic 
virus was found to be inactive. It appears significant that after treatment 
with ribonuclease, the active preparations possessed, on a weight basis, ap- 
proximately equal activity. 

Attention may be called to the observation that ribonucleic acid prepared 
from the test strain of streptococcus, C203S, and subsequently treated with 
ribonuclease, was found to be approximately as active as ribonuclease-treatcd 
nucleic acid prepared from yeast. It is evident, therefore, that the cocci 
contain ribonucleic acid having potential streptolysin-forming activity, and 
it is evident, also, that this nucleic acid must have been synthesized by the 
streptococci because the cocci had been cultivated in a medium free of nucleic 
acid. 

Since the quantity of streptococcal growth attained in a broth culture is 
less than 0.5 mg., dry weight, per cc., and since approximate!}' 15 per cent (25) 
of the dry weight of streptococci is ribonucleic acid, it can be calculated that 
the concentration of streptococcal ribonucleic acid in fully grown broth cultures 
is not greater than 0.075 mg. per cc. Reference to Fig. 1 shows that this con- 
centration of ribonucleic acid is only one-thirtieth of that necessary' to induce 
the formation of 1000 hemolytic units. It is therefore not surprising to find 
that plain broth cultures of streptococci usually contain less than 100 hemolytic 
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units per cc., even though the cocci arc able to synthesize nucleic acid which 
is potentially capable of inducing streptolysin formation. 

The finding that nucleotides and their hydrolysis products fail to replace 
ribonucleic acid in forming streptolysin confirms statements to the same effect 
published by It6 (26). However, our finding that desoxyribonucleic acid is 
inactive, contrasts with observations made by Ito, in whose experience desoxy- 
ribonucleic acid prepared from cow spleen could replace yeast ribonucleic acid. 

Fractionation of yeast nucleic acid shows that the activity is present in the 
ribonuclease-resistant portion, and with this knowledge, it has been possible 
to prepare a polynucleotide (AF) possessing activity many times greater than 
that of the starting material. The increased nitrogen tphosphorus ratio of 
AF, and the increased content of purine ribose, are in agreement with recent 
observations of Loring, Carpenter, and Roll (22) and with those of Schmidt, 
Cubiles, Swartz, and Thannhauser (27) on the nature of action of ribonuclease 
on yeast nucleic acid. 

There remains the question of whether the activity studied in the present 
investigation is actually due to a fraction of ribonucleic acid or to a contami- 
nating substance which tends to be coprecipitated with ribonucleic acid. In 
regard to yeast nucleic acid, it seems likely from the data reported in the fore- 
going section, that the streptolysin-inducing effect is caused by' an integral 
component of yeast ribonucleic acid itself. In any' event, it is clear that the 
active substance is either (1) a portion of the ribonuclease-resistant poly- 
nucleotide, or (2) a substance which is closely associated with that component. 
We are inclined to favor the former view, but it must be admitted that the 
evidence does not conclusively eliminate the second possibility. 

The biological importance of desoxyribonucleic adds is clearly indicated by 
Avery, MacLeod, and McCarty’s demonstration (28) of the capadty' of desoxy- 
ribonucleic acid to direct specifically the synthesis of pneumococcal capsular 
polysaccharide. Although ribonucleic acid also is commonly believed to 
play an important role in cellular processes, there are but few instances in 
which its functions have been defined. For this reason, Okamoto’s discovery 
of a specific biological effect of yeast nucleic add seems to merit greater atten- 
tion than has been accorded it hitherto. The results of the present study 
confirm and extend Okamoto’s observation of the ca pacity of yeast nucleic 
add to stimulate the formation of a potent streptolysin, and, in so doing, 
provide a technique which may prove useful in the study of nucleic acid struc- 
ture and metabolism. 

In regard to the specificity of maltose in promoting streptolysin formation, 
the results summarized in Table VIII show that of the disaccharides tested, 
only maltose and trehalose were active. It may be noted that both are a- 
glucosides. Although or-galactoside (melibiose) as well as disaccharides having 
the /5-configuration were not active, the number of a-glucosides tested is so 
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small that no conclusion can be drawn concerning the activity of a-glu cosides 
in general. It is of interest that cellobiose, a /?-gIucoside, but otherwise closely 
resembling maltose in structure, was not active. The streptolysin-promoting 
activity of trehalose suggests that a free aldehyde group is not essential for 
activity. The results are somewhat complicated by the finding that mannose 
possessed some activity, and still more by finding that glucosamine was almost 
as active as maltose. 

There are on record several observations which show that certain carbohy- 
drates favor the production of toxins by bacteria. In the production of diph- 
theria toxin, maltose has long been used in preference to glucose as the chief 
energy-supplying compound (29). In studying the production of a-toxin of 
Clostridium wclchii, Logan, Tytell, Danielson, and Griner (30) have shown that 
the best yields of toxin are obtained when the medium contains dextrin as the 
sole or principal carbohydrate. This observation has been confirmed by 
Adams, Ilendee, and Pappenheimer (31). In both investigations, it was ob- 
served that maltose was less effective than dextrin, although more effective 
than glucose, in promoting toxin production. It is not known whether a com- 
mon mechanism underlies these effects on the production of toxin by different 
bacteria. 

On the basis of the information presented, it is scarcely permissible to specu- 
late on the role of AF and of carbohydrates in promoting streptolysin formation. 
There is one point, however, which is worthy of comment. The results show 
that very small amounts of either maltose or glucosamine can be delected in 
the presence of relatively large amounts of glucose. In the case of maltose, 6 
y per cc. produces a detectable effect in a culture containing, initially, 80 tunes 
as much glucose. Although the streptococci can utilize either maltose or glu- 
cosamine as a source of energy, it may be questioned whether they do so in the 
presence of a relatively high concentration of glucose. The possibility that mal- 
tose and glucosamine are not oxidized, but are used instead, as units from which 
larger molecules are synthesized, should be considered. 

As a consequence of the present study, it is possible to produce the nucleic 
acid-induced streptolysin under comparatively well defined conditions. Using 
a peptone-free medium, supplemented with apporpriate amounts of AF, mal- 
tose, and glucose, streptolysin has been obtained in fair yield in cultures of o 
liters in volume. The hemolytic titers obtained in this medium have 
been about half as great as those which can be got in peptone-infusion broth 
containing AF. The conditions required for maximum streptolysin production, 
therefore, are still not completely defined. The peptone-free medium, how- 
ever, affords advantages which offset the disadvantage of a reduced yield. For 
example, by employing this medium, the nucleic acid-induced streptolysin has 
been prepared in concentrated, partially purified form with relatively little 

difficulty. 
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SUMMARY 

1. Ribonucleic acid of yeast causes the formation of a potent hemolysin in 
broth cultures of Streptococcus pyogenes. 

2. The hemolysin whose formation is induced by yeast ribonucleic acid ap- 
pears to be identical with streptolysin S, 

3. Desoxyribonucleic acid, products of acid or alkaline hydrolysis of ribo- 
nucleic acid, or many other substances tested, fail to produce a similar effect. 

4. Digestion by ribonuclease increases markedly’ the streptolysin-inducing 
activity of certain preparations of ribonucleic acid. 

5. A fraction (AF) of yeast nucleic acid has been isolated which possesses 
approximately 100 times the streptolysin-inducing capacity of the starting 
material. Some of the properties which distinguish AF, a polynucleotide, from 
ordinary’ yeast nucleic acid are described. AF is associated with the ribonu- 
clease-resistant fraction of yeast nucleic acid. 

6. Ribonucleic acid prepared from streptococci, wheat germ, and mammalian 
liver, and subsequently treated with ribonuclease, is about as active in causing 
streptolysin formation as ribonuclease-treated yeast nucleic acid. 

7. Ribonucleic acid of tobacco mosaic virus, tested under comparable con- 
ditions, was found to be inactive. 

8. Ribonucleic acid prepared from streptococci, wheat germ, and tobacco 
mosaic virus resembles yeast nucleic acid in possessing a ribonuclease-resistant 
fraction. 

9. In addition to AF, a factor (or factors), present in meat infusion and in 
peptone, was found to be required for the formation of streptolysin, 

10. The factor can be partially replaced by any one of several carbohydrates, 
the most active being maltose, glucosamine, and trehalose, in that order. 

11. When appropriate concentrations of AF, maltose, and glucose are used, 
the nucleic acid-induced streptolysin can be produced in a medium whose chem- 
ical composition is essentially defined. 

We are greatly indebted to Dr. L. R. Christensen, Dr. M. McCarty, Dr. C. A. Zittle, and 
the Wallerstein Laboratories, for some of the enzyme preparations used in this study. The 
Viobin Corporation kindly supplied wheat germ. The authors wish to thank Dr. H. S. 
Loring for a generous gift of nucleic acid from tobacco mosaic virus. We are grateful to Dr. 
A. E. Mirsky for advice on certain phases of Part I of this work. 
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This paper is concerned with some physiologic relationships of non-specific 
esterases of tissues of the rat, dog, and man which were investigated by a 
colorimetric technique. Two patterns of hydrolysis were revealed that were 
characteristic of several tissues. It was found also that the esterase of rat 
testis is produced in the interstitial cells, that its content is under control of the 
hypophysis, and that its concentration is related to the production of androgen 
by the testis. 

The colorimetric method employed chromogenic substrates, colorless compounds 
that liberate color on hydrolysis. The color value is read directly, the depth of color 
produced by enzymatic hydrolysis being directly related to activity of the enzyme. 
The chromogenic substrate techniques of enzymatic investigation combine accuracy, 
delicacy', and simplicity. All the chromogenic substrates, beginning with the first use 
of this technique by Ohmori (1), have been compounds of phenolic arid-base indicators 
esterified with phosphoric (1, 2), glucuronic (3), sulfuric(4), or fatty acids (5). In the 
piesent studies the substrates were the acyl esters of p-nitrophenol previously syn- 
thesized in this laboratory. 

Three principal esterase activities in animal tissues can be differentiated according 
to their distribution, their efficiency' against various substrates, and the effect of 
inhibitors (5, 24) upon them. An enzyme cannot be characterized with certainty until 
it has been isolated in a pure state and this has not been achieved with any of the 
esterases. However, from indirect evidence esterolysis seems to be brought about by 
three separate types of enzymes; in this paper the effects will be designated according 
to conventional usage as cholinesterase, non-specific esterase, and lipase. No doubt 
there is some overlapping of their activities and, as will be brought out, the chief 
differentiating characteristics are quantitative rather than qualitative. 

The choline esters are sufficiently soluble in water to serve as satisfactory substrates 
in vitro. Cholinesterase has an entirely different distribution than the other esterases. 
Mamay and Nachmansohn (6) found that the cerebral cortex and uterus of guinea pig 
hydrolyzed acetylcholine more effectively than extracts of kidney or liver did. In 
swine (7) acetylcholine is hydrolyzed more rapidly by certain structures which, in 
descending order of magnitude, are the parotid, lachrymal and sublingual glands, 
Fallopian tube, jejunal and gastric mucosa, and the medulla oblongata. Mendel, 


* This work was aided by grants from the American Cancer Society recommended by the 
Committee on Growth of the National Research Council, the Committee for Research in Prob- 
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Mundell, and Rudney (8) further differentiate two types of cholinesterase activity by 
their effect on various choline esters — true and pseudocholinesterase. According to 
their findings, both enzymes hydrolyze acetylcholine; acetyl -0-methylcholinc is hydro- 
lyzed by true but not by pseudocholinesterase while bcnzoylcholine is hydrolyzed by 
pseudo- but not by true cholinesterase. Sawyer and Everett (9) found that the tissues 
of the rat with the greatest hydrolytic activity against bcnzoylcholine were the salivary 
and Harderian glands, brown fat, ovary, uterus, and liver; acetyl-jS-metliylcholine was 
hydrolyzed best by the brain stem, red bone marrow, spleen, thymus, lymph node, 
adrenal cortex, skeletal muscle, and peripheral nerve. Other choline esters have also 
been used as substrates. Stedman, Stedman, and White (10) observed that butyryl- 
choline is hydrolyzed by serum of various animals about twice as rapidly as acetyl- 
choline. Nachmansohn and Rothenberg (11) found that the brain of rodents, ox, and 
cat likewise showed hydrolytic patterns; no choline substrate was hydrolyzed by these 
tissues more rapidly than acetylcholine; propionylcholine was hydrolyzed equally well 
or less than acetylcholine while butyrylcholine was split much less. Extracts of the 
electric organ of the eel (5) were found to be 600,000 times more effective in splitting 
acetylcholine compared to the hydrolysis of ^-nitrophenyl propionate. This is evi- 
dence that the hydrolysis of these acyl esters of ^-nitrophenol is performed by enzymes 
other than cholinesterase. 

The distribution of esterases active on non-choline esters has not been systematically 
investigated. Moreover, earlier methods have presented technical difficulties since 
the fats and esters of fatty acids have only slight solubility in water. Except for the 
lipase method of Archibald (12) and our chromogenic technique, all previous quanti- 
tative studies have been done on suspensions or emulsions in which, to a large extent, 
the enzyme and the substrate have been in different phases. In comparative studies 
(13) employing different substrates the possibility has existed that the "results merely 
portray the degree of emulsification attained.” In the earlier literature the terms 
lipase and esterase often have been used interchangeably although, as will be brought 
out, the enzymes are apparently separate entities. 

In the activity of non-specific esterase and lipase the character of the fatty acid has 
far greater influence on the reaction than the hydroxyl-bearing group. Kastle (14) 
observed that the alkyl groups methyl, ethyl, iso-butyl, allyl, and benzyl exert nearly 
the same influence on the hydrolysis of esters by aqueous extracts of liver. Balls and 
Matlack (13) tested the effect of pancreatic extracts on fatty acids of various alcohols. 
The configuration of the alcohol was without effect on the enzyme except in so far as 
the hydroxyl-bearing carbon was concerned; esters of primary alcohols were split 
effectively but secondary and tertiary alcoholic esters were attacked slowly. 

Most of the work done on non-specific esterase of cells has concerned liver and pan- 
creas, tissues which differ widely from the esterase standpoint. Kastle and Loevcn- 
hart (15) observed that ethyl butyrate is hydrolyzed by extracts of liver, pancreas, 
kidney, and submaxillary gland; pancreatic extracts hydrolyzed in decreasing order 
ethyl esters of butyric, propionic, and acetic acids. Kastle (14) reported a pattern 
similar to that of pancreas for liver extracts, a finding in conflict with our observations 
using ^-nitrophenyl esters. Loevcnhart (16) found that liver extracts were several 
times as active as pancreas on esters of the lower fatty acids while the reverse was true 
with higher fatty acids. Balls and Matlack (13) found that pancreatic extracts hydro- 
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lyzcd not only glycerides of fatty acids but esters of monatomic alcohols as well and 
at approximately the same rate as the saturated fats. Pancreatic extracts hydroly zed 
many esters of stearic acid but extracts of horse liver, while rich in esterase (ethyl 
butyrate-splitting), had small or no activity against stearate esters. Both liver and 
pancreas split the lower esters but only the pancreas hydrolyzed esters of long chain 
acids efficiently. That esters of long chain fatty acids can be split by tissues other 
than pancreas was demonstrated by Gomori (17, 18) in his histochcmicnl demonstra- 
tion of lipase. Using polyglycol esters of palmitic and stearic acids he obtained 
intensely positive reactions in the liver of all species and the interstitial cells of the rat 
testis as well as in the zymogen granules of pancreatic cells. Each of these tissues, 
therefore, had some capacity to hydrolyze long chain esters. 

Falk, Noyes, and Sugiura (19) employed miscellaneous esters of acetic, butyric, and 
benzoic acids in testing esterase activity of rat tissues and a transplantable carcinoma. 
They found that the esterase content of the tumor was small while the greatest activity 
was in kidney and liver, with testis following closely and then spleen and lung; the 
activity curves show characteristic “pictures” for the ester-hydrolyzing actions of the 
tissues. 


Methods 

All the rats utilized were exsanguinated by cardiac puncture and samples of their tissues 
(about 100 to 150 mg.) were then weighed on a torsion balance and homogenized in an all- 
glass grinder in 5 ml. of ice-cold water. Tissues obtained from two dogs lulled by electrocu- 
tion were treated similarly. Certain fresh human tissues were obtained directly from an oper- 
ating room. The homogenates were centrifuged and aliquots of the supernatant fluid were 
diluted with water in volumetric flasks. 

The esterase technique was that described previously (5) except that it was carried out at a 
temperature of 30°; each analysis was done in triplicate. One unit of esterase activity is de- 
fined as that amount of enzyme liberating one micromole of ^-nitrophenol in 20 minutes at 
30’ and pH 7 in phosphate buffer when the substrate is at a concentration of 0.666 micromole 
per 10 ml., provided that not more than 40 per cent of the substrate is hydrolyzed; the units 
are expressed per 1 gm. of tissue or 1 ml. of fluid. 

The following esters of p-nitrophenol were used: acetate, propionate (PNPP), n-butyrate 
(PNPB), n-valerate. In all cases the same molarity of substrate was employed. In prepar- 
ing aqueous solutions of f>-nitrophenyl-n-vaIerate precipitation frequently occurred; the pre- 
cipitation was removed by filtering several times through a No. 40 Whatman filter paper 
Under ether anesthesia hypophysectomy was done in 42 rats using the parapharyngeal tech- 
nique of Smith (20). Equine gonadotrophin 1 was freshly dissolved in saline before intramus- 
cular injection and was administered after some days to 15 hypophysectomized rats. 

RESULTS 

Survey of Tissues Esterase.— In the rat the greatest concentration (Table I) 
of non-specific esterase (substrate: p-nitrophenyl propionate) was found in 
five tissues: liver, lung, pancreas, adult testis, and renal cortex. In the dog 
these same tissues were rich in esterase; in addition, the mucosa of the trachea 

1 The authors are indebted to the Upjohn Company, Kalamazoo, for the generous gift of 
this material, distributed by them under the trade name gonadogen. 
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,and urinary bladder were exceptionally active and gastric mucosa had moderate 
activity. The lens of the dog had appreciable esterase activity. While all 
tissues examined had some esterase activity, thymus, spleen, bone marrow, 
and heart muscle were relatively inactive and skeletal muscle had very slight 
activity. 

Esterase Patterns of Tissues. — The five tissues of the rat found to have the 
greatest esterase activity were tested simultaneoulsy against ^>-nitrophenyl 

TABLE I 

Esterase Content of Tissues of Rat and Dog 


Substrate: />-nitrophenyl propionate. 



Rat 

Dog 


Units per gm. or cc. 


823 -3460 

1218 -26S0 


332 - 449 

156 - 298 

Tracheal mucosa 

74 - 117 

587 - 6S5 

Pancreas 

241 - 584 

194 - 526 

Testis 

224 - 3 SO 

18 - 29 

Kidney, cortex 

205 - 36S 

2 S - 76 

1S1 - 332 

Kidne}’’, medulla 

3-14 

Bladder mucosa 

17 - 48 

507 -2640 

Pituitary 

63.8 

123 - 174 

Cerebrum 

20 ~ 37 i 

S T 25 

Cerebellum 

13 - 20 

4-20 

Suprarenal 

25 - 75 

9-16 

Thyroid 

17 - 50 

46 - 239 

Gastric mucosa 

19 - 30 

22S - 252 

Spleen 

14 - 26 

9-75 

Prostate, ventral 

33 - 138 

57 - 230 


IS - 23 

— 


21 - 25 

14- IS 


3 - 6 

10- 34 


6 

26 - 46 


8-14 

— 


7 - 9 

4.7 - 7 



* 


esters of straight chain fatty acids containing 2 to 5 carbon atoms in the chain. 
Definite hydrolytic patterns emerged which were of two types. In one pattern 
propionic acid esters (C 3 ) were split preferentially by liver, lung, testis, and 
renal cortex; acetate esters (C 2 ) lagged slightly, while butyrate (C-i) and 
valerate (C 6 ) esters were attacked (Table II) with decreasing effectiveness. 
Profiles of blood serum of the dog, rabbit, and man (5) were similar to those o 


these tissues. 

The pancreas of dog and rat was quite different in its effects. 


The splitting 




CHARLES HUGGINS AND STANLEY H. MOULTON 


173 


of acetate esters (C 5 ) was feeble (Fig. 1) but there was a progressive increase 
of activity with chain length until valerate esters (C E ) were reached. 

In the tissues of 3 infant rats 5 days of age patterns of hydrolysis were 
obtained which were identical with those of the corresponding adult tissues. 

Esterases in Postnatal Development .— The non-specific esterases of tissues of 
the newborn rat were low in amount. In rats at age 4 and 5 postnatal days 

TABLE II 

Patterns of Hydrolysis of Esters of p-Hitrophenol by Pol Tissues 


Values expressed as per cent of the ester split maximally. 


Determination No. 

^-Nitrophenyl 

acetate 

propionate 

fl-bntyrate 

n-valcrzte 


1 

Lis 

cr 


i 

95 

too 

62 A 

41 

2 

94 

too 

85 

76 

3 

88 

too 

71 

25 



Lung 


1 

74 

too 

84 

48 

2 

59 

too 

58 

26 

3 

80 

too 

! 62 

1 31 


| 

Testis 


1 1 

92 1 

too 1 

87 | 

32 

2 

83 

too 

1 .53 

23 

3 

96 

too 

80 

46 



Penal Cortex 


1 

81 

too 

39 

45 

2 

91 

too 

36 

40 

3 

88 

too 

58 

52 



Pancreas 


1 

3.5 

19 

22 

100 

2 

6.3 

29 

3S 

100 

. 3 

3.2 

16 

52 

100 


average esterase (p-rtitrophenyl propionate) values were found as follows: 
lung 10 units; renal cortex 80 units; liver 160 units. Compared to these were 
the average findings in litter mates at 13 days: lung 304 units; renal cortex 206 
units; and liver 725 units. 

The esterase values of umbilical cord blood of children at birth also were very 
low; in 12 newborn babes the value ranged from 1.53 to 2.37 units per ml. 
while the blood of the mothers talren at the same tune by venipuncture ranged 
from 4.12 to 8.15 units. 

_ The esterase of rat testis between age 5 and 27 days (Fig. 2) varied between 
5 and 14 units per gm.; between age 27 and 29 days the esterase doubled and 
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there was a sharp and progressive rise to 35 days, when adult levels were en- 
countered. In albino rats raised in this laboratory, spermatozoa are found in 
the testis between age 34 and 37 days. 

%> 

HYDROLYSIS 



NO. OF CARBONS IN ACYL CHAIN 

Fig. 1. Patterns of enzymatic hydrolysis of acyl esters of />-nitrophenol by tissues. Ace- 
tate (Ct), propionate (C:), w-butyratc (C<), and w-valerate (Cs) esters were used as substrates 
in equimolar concentration and were tested simultaneously. Average values are given 
and the results arc expressed in percentage of that ester hydrolyzed at the fastest rate. 

Some preliminary assays of human tissues may be noted for comparison. 
The esterase of the testes of 6 men between 55 and 70 years of age ranged from 
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2.06 to 7.61 units. A few isolated normal tissues were studied: renal cortex 
44 units; bladder mucosa 29 units; colon mucosa 39 units. 

Effect of Cryplorchism on Testicular Esterase . — In 18 rats the left testis v;as 
anchored through an abdominal incision by suture to the anterior surface of 



Fig. 2. Growth curves of development of testis, ventral prostate, and body weight of the 
rat. The concentration of non-specific esterase (substrate f-nitrophenyl propionate) is in- 
dicated in the curve on the right. 

the peritoneal cavity ; 6 to 84 weeks later the cryptorcbid testis and its normal 
mate were recovered for esterase determination. The concentration of esterase 
was increased in the abdominal testis (Table HI) compared to the control which 
was not operated upon; the total amount in the cryptorcbid testis progressively 
decreased with time from 89 to 50 per cent of the normal. 
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Testicular Esterases after B ypophyscctomy and Gonadotrophin Injection . — 
Two weeks after hypophysectomy both the content and concentration of the 
testicular esterase were found to be markedly decreased (Table IV) as compared 
with litter mate control rats. It is perhaps significant that the low values of 
early puberty (before 27 days) were not reached, so from an enzymatic stand- 
point the testis of a hypophysectomized rat differs from the testis of the infant. 


TABLE III 


Esterase in Normal and Cryptorchid Testes 


No. 

Post- 

operative 

Normal testis 

Cryptorchid testis 

Total esterase 
ratio Cryptorchid 
Normal 

Weight 

Esterase 

Total 

esterase 

Weight 

Esterase 

Total 

esterase 


days 

gm. 

units/ gm. 

unils/sm. 

sm. 

units/sm. 

units /gm. 


1 

42 

1.444 

144 


0.643 

288 

1S5 

0.S9 

2 

56 

1.367 

533 

729 

0.6S0 

636 

432 

0.59 

3 

60 

1.836 

575 

1056 

0.521 

1021 

532 

0.50 

■ 4 

60 

1.373 

409 


0.411 

753 

309 

0.55 


TABLE IV 


Effect of Hypophysectomy and Gonadotrophin on Esterase of Testis 


Experi- 
ment No, 

Length of time after 
hypophysectomy 



■1 

m 

Esterase 

trophin 


I 

Pro- 

state 

Testis 

Testis 


days 

mi its 

gm. 

tng. 

MS* 

units/ 

gm. 

units/ 

gm. 

units/ 

in. 

1 

Unopcrated control 

None 

17S 

Ml 

1194 

33 

25S 

332 

2 

Unopcrated control 

None 

220 

a 

§g®l 

112 


413 

3 

16 

None 

140 

m 


S9 

52 

40 

4 

18 

None 

155 

S90 

912 

17 

27 

53 

5 

21 

30 

132 

396 

4 OS 

333 

133 

13S 

6 

22 


160 

S96 

904 

54 

250 

255 


Equine gonadotrophin, 10 units daily for 3 and 4 days, caused the content and 
concentration of esterase to increase in the testis (Table IV), but neither the 
esterase values nor the weight of the testis approached the normal values. 

DISCUSSION 

The distribution of non-specific esterase was found to be quite different from 
that of cholinesterase. Cholinesterase in the rat lias previously (9) been found 
to have its greatest concentration in certain small glands, the uterus, and the 
brain stem, while our observations show that non-specific esterase has its 
greatest accumulation in liver, lung, testis, renal cortex, and pancreas. These 
findings are interpreted as additional evidence for the dissimilarity of non- 
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specific esterase and cholinesterase. It is of interest that the lens, a tissue of 
sluggish metabolic activity, has an appreciable esterase content. 

Two patterns emerge from differences in tissues in their hydrolysis of fatty 
acid esters of varying chain length. In one pattern, characteristic of lipase, 
there is increasing lyd roly tic activity with increases of the acyl chain from 2 
to 5 carbons. This pattern was found in the pancreas of several kinds of 
animals, namely, the dog, rabbit, and rat, and elsewhere only in rat serum. 
-The serum of the rat is more effective in splitting C; and Ca acid esters than 
is pancreas, no doubt because it contains appreciable quantities of non-specific 
esterase, but the predominant effect resembles pancreas more than liver. 

In the other hydrolytic pattern the 3-carbon acyl ester (propionate) is split 
more effectively than the other members of the series. This pattern is ex- 
hibited in the rat by extracts of liver, lung, renal cortex, and testis and also by 
dog, human, and rabbit serum. This pattern we consider to be characteristic 
of non-specific esterase. 

It is possible to predict the pattern of hydrolysis of acyl esters of p- nitro- 
phenol by testing any extract against propionate (PNPP) and butyrate 
(PNPB) esters. If PNPP is split faster than PNPB, acetate is always split 
slower than propionate and valerate is hydrolyzed more slowly than butyrate. 
When PNPB is hydrolyzed faster than PNPP, acetate is split less effectively 
than propionate and valerate esters are split faster than butyrate. Acetate 
esters of p-nitrophenol are always hydrolyzed less effectively by non-specific 
esterase and lipase than propionate esters. 

• The patterns in infant tissues do not differ from those of the adult — merely 
quantitative differences occur. The tissues of the infant rat (4 to 5 day's) are 
very low in non-specific esterase. Concerning enzymes of young a nim als, it is 
known that very young fetuses of the goat contain extraordinarily little car- 
bonic anhydrase (21) and this enzyme in the blood of newborn infants (22) is 
less than half that found in the blood of adults. Esterase in rat tissues other 
than the testis accumulates rapidly so that at 12 to 18 days normal values are 
found. The testicular esterase remains at low and fairly regular levels until 
age 27 days when it increases markedly in content and concentration, reaching 
adult levels at puberty— about 35 days. 

The pattern of testis resembles that of liver rather than of pancreas. The 
enzyme seems to be associated with interstitial cells as deduced from several 
indirect experiments. The elevated temperature of the abdomen (23) causes 
germinal epithelium of the testis to disappear. In cryptorchid testes the con- 
centration of esterase is increased above normal and only after 6 weeks— long 
after the germinal epithelium has disappeared— does the total esterase content 
fall. Hypophysectomy causes a profound decrease of testicular esterase; the 
injection of gonadotrophin, which stimulated Leydig cells of the testis, caused 
an increase of esterase. Gomori (18) found that in the rat testis only the in- 
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lerstitial cells split glycol esters of stearic acid, germinal epithelium being devoid 
of ‘‘lipase.” It should be pointed out, however, that in this, the histochemical 
method, liver, lung, and renal cortex show intense staining so that this reaction 
is interpreted by us as lacking specificity for lipase; non-specific esterase ex- 
hibits this hydrolytic phenomenon as well. 

The evidence reveals further that the concentration of esterase in the testis 
of the rat is an indicator of the level of hormone production. The onset of 
pubertal growth of the prostate could be correlated (Fig. 2) with the increase of 
testicular esterase; the decrease of androgen production by the testis, as demon- 
strated by the weight of the ventral prostatic glands, was related to decreased 
testicular esterase, and its restoration by gonadotrophin caused an increase of 
esterase in the gonad. 


SUMMARY 

The tissues most effective in the enzymatic hydrolysis of acyl esters of ^-nitro- 
phenol by tissue extracts of the rat and dog were the liver, lung, pancreas, renal 
cortex, and testis; in the dog tracheal and vesical mucosae were also esterase- 
rich and the lens had appreciable activity. Esterase was at low concentration 
in the tissues of the rat for 4 and 5 days after birth, but an increase to adult 
levels soon took place except in the testis where the rise was delayed until 
puberty. The esterase values of the blood of newborn children were also low. 

Two patterns of activity in tissues against these esters were found. A 
pattern in which propionate esters were hydrolyzed most rapidly was displayed 
regularly by liver, lung, renal cortex, and testis of the rat and also by dog, 
rabbit and human serum. A second pattern with progressive effectiveness in 
hydrolyzing fatty acid esters of 2-carbon to 5-carbon chain length was exhibited 
by the pancreas of the rat, rabbit, and dog and also by rat serum. 

Esterase of the testis of the rat is located in the interstitial cells and its 
concentration seems to be directly related to androgenic hormone production. 
The increase of testicular esterase during puberty paralleled the increase of 
prostatic weight. Hypophysectomy caused a profound decrease of testicular 
esterase which was restored in part by gonadoptrophin. Artificial ciyptorclnsm 
in the rat, causing elimination of germinal epithelium, resulted in an increase of 
esterase concentration although the total content of the testis slowly decreased. 
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The enzymes which are released into the environment by pathogenic micro- 
organisms are of importance in a consideration of the mechanism of disease 
processes, since they may play a role in the virulence and invasiveness of the 
bacteria as well as in specific tissue injuries. In this connection, it is of interest 
that certain of the bacterial exotoxins have recently been demonstrated to be 
enzymatic in character. In the case of group A hemolytic streptococci, a 
number of extracellular products possessing a wide variety of biological ac- 
tivities have been recognized. Some of these substances, for example, strepto- 
lysin 0, streptokinase, and streptococcal proteinase, have been subjected to 
intensive study, and a considerable body of information is available concerning 
their chemical and biological properties and their possible relationship to the 
pathogenesis of streptococcal disease. Because of the value of this type of 
study and the probability that other hitherto unrecognized substances accumu- 
late in the environment of growing streptococci, the enzymatic activities of 
culture supemates of these organisms were investigated further. In the course 
of these studies, it was found that both ribonuclease and desoxyribonuclease 
occur with great regularity in culture media in which group A hemolytic strepto- 
cocci are grown. The present paper deals with the extracellular occurrence 
and enzymatic activity of the two nucleases released from streptococcal cells 
during growth in fluid media. 

Materials and Methods 

Strains cj Group A Hemolytic Streptococci. — Thirty-sis different strains of group A hemolytic 
streptococci were studied for their ability to form nucleases. Sixteen serological types were 
represented and strains were included with special biological characteristics such as formation 
of large amounts of streptokinase or streptococcal proteinase, formation of hyaluronidase, 
failure to form eiythrogenic toxin or streptolysin S, and requirement of the purine growth 
factor described by Wilson (1). A summary of the strains employed is given in Table I. 
The strains are designated by the numbers used in this laboratory, and the serological type is 
indicated in parentheses. 

Bacteriological Media .— Three different media were employed: (a) Todd-Hewitt buffered 


cells were removed by centrifugation, and in many experiments the supemates were tested 
without sterilization. While this procedure required that certain precautions be observed in 
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broth (2), (6) neopeptone dialysate broth prepared according to the method of Dole (3), and 
(c) the partially defined medium developed by Adams and Roe for growth of pneumococci (4) . 
Preparation of Cultures . — 16 to 18 hour cultures were used for the most part. The bacterial 
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the handling and disposal of the material, it proved simpler than attempting to sterilize by 
filtration as a routine. However, it was found that the culture supernates could be passed 
through Coors P3 filters without loss of enzymatic activity, and this method was used to 
obtain bacteria-free filtrates. 

Measurement of Ribonucleasc. — A turbidimctric method was employed as the routine 
procedure for measuring ribonucleasc activity, since the other methods available are not 
readily adaptable to use with nutrient broth. The method is based on the fact that under the 

TABLE I 

Strains of Group A Streptococci Tested for Production of Ribonucleasc and Dcsoxyribonuclcasc 
Special biological characteristics Strain designation and serological type 

Produces high yield of streptokinase H105 (Tillett’s “Co”; undcsignated new type) 
Produces high yield of streptococcal pro- B220 (Elliott’s strain 5797; type S T antigen, no 
teinase M antigen identified) 

Produce extracellular liyaluronidase C74S (type 4) ; B247 (type 22) 

Stock strain for production of strepto- D58 (Colebrook’s strain “Richards,” type 3) 
lysin 0 

Produce no streptolysin S C439, C440, C441 (Colebrook’s strains, all type 

12 ) 

Widely used for production of erythro- NY5 (type 12*) 
genic toxin 

Produces no erythrogenic toxin C998 (Todd’s “Cooper 3122,” type 3) 

Require Wilson’s purine growth factor C811, CS12, C813, C272 (all type 19); CG60 

(type 19, no T antigen) 

Do not require Wilson’s purine growth C817, C820, S24 (all type 19); C655 (type 19, 
factor no T antigen) 

Recently isolated from scarlet fever pa- 1GL19 (type 3); 1GL21 (type 17); 1GL4 (type 
tients 19); 1GL49 (type 30); 1GL22 (type 30) 

Stock strains of various serological types T1 (type 1) ; C203 (type 3, types 1 and 3 T anti- 
gens); S43 (type 6); S23 (type 14); J17E (type 
17) ; J17F (type 26) ; T2S (type 28); D23 (type 
29); D24 (type 30); London (undcsignated 
new' type) 

* Originally classified as type 10 on the basis of typing by agglutination. 

conditions employed the end-products of the reaction are soluble in acid, in contrast to the 
insolubility of the undigested nucleic acid. Ribonucleic acid from yeast was purified bv the 
method of Kunitz (5). A stock solution containing 5 mg. per cc. was prepared by adding to 
an aqueous suspension of the nucleic acid just enough 1 N NaOH to cause complete solution. 

A solution so prepared has a pH of approximately 5.0 and is quite stable at refrigerator 
temperatures. A fivefold dilution of the stock solution in 0.025 M veronal buffer pH 7.5 is 
used as substrate for the test. The substrate solution is mixed with an equal volume of culture 
supernatc and incubated in a water bath at 37°C. At intervals, 1.0 cc. of the reaction mixture 
is removed, mixed xvith 1.0 cc. of 1 N HC1, and the optical density of the resulting precipitate 
determined in a Coleman junior spectrophotometer at wave length 425 m/c Turbin } 
controls for each of the reagents are employed. At appropriate enzyme concentrations t ic 
decrease in turbidity is linear with time over a period of 20 minutes. Contrary to expeefa ion 
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on the basis of published data concerning the instability of yeast nucleic acid at alkaline pH, 
the substrate shows no spontaneous loss of acid preripitability in the absence of enzyme. 
Even after several hours at 37°C. and pH 7.5, the optical density after addition of HC1 is 
identical with that of freshly prepared solutions. 

Measurement oj Desoxyribonudease— Tor routine testing of desoxyribonudease a turbidi- 
metric method identical with the ribonudease method was used, except that the substrate 
solution was a 0.1 per cent solution of sodium dcsoxyribonudeate from calf thymus in 0.025 ir 
veronal buffer pH 7.5 containing 0.01 it MgSOi. In general, because of the higher activity 
of this enzyme, it was necessary to use dilutions of the culture filtrate to obtain linear rates of 
decrease in turbidity. Control tests of undigested substrate frequently give fibrous predpi- 
tates on the addition of add which interfere with turbidimetric readings, but the results of 
enzymatic tests are unequivocal. 

The turbidimetric method was supplemented by the more quantitative viscosimctric 
method previously described for estimating desoxyribonudease activity (6). By this means, 
it was possible to make quite accurate comparisons of the potency of streptococcal nudease 
with nudease from other sources, e.g., beef pancreas. 

EXPERIMENTAL 

Nudease Activity oj Culture Supernotes . — All thirty-six strains studied pro- 
duced both ribonudease and desoxyribonudease, and no relation was detected 
to the other biological characteristics of the strains. Although there were 
quantitative differences in the amount of the two enzymes elaborated by differ- 
ent strains, the variations were not great and were not studied in detail. Super- 
nates of cultures in neopeptone dialysate broth uniformly showed higher 
activity than those in Todd-Hewitt broth. This difference is not referable to 
greater growth of the organisms in dialysate broth, but is due, in part at least, 
to the presence of inhibitory' substances in the Todd-Hewitt broth. 

Ribonudease activity was relatively low and dilution of the culture super- 
nates was not necessary. The results of a test of a typical culture supemate 
are presented graphically in Fig. 1. The effect is comparable to that obtained 
with 0.01 fig. of crystalline ribonudease from beef pancreas as tested by the 
same method. In comparison with ribonudease, desoxyribonudease activity 
was surprisingly high. The data plotted in Fig. 1 show' that a fiftyfold dilution 
of the culture supemate was required to give a decrease in add preripitability 
comparable to that obtained with ribonucleic acid and undiluted culture super- 
nate. The discrepancy in the relative activity of the two enzymes is probably 
even greater than that indicated, since the desoxyribonucleic add has a 
much higher molecular size than the ribonucleic add and presumably more en- 
zymatic action is required to reduce the former to acid-soluble products. Evi- 
dence for this view was obtained in an experiment in which partial breakdown 
products of desoxyribonucleic add, more nearly comparable in molecular size 
to the ribonucleic add, were used as substrate in the turbidimetric test At 
the same enzyme concentration, the rate of decrease in acid preripitability of 
the degraded substrate was four times as rapid as that of the intact nucleic add. 

The results of determination of desoxyribonudease activity by the more 
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sensitive viscosimetric method confirm the findings of the turbidimetric test. 
With the same culture supernate as that employed in the test recorded in Fig. 1, 
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grown in neopeptone dialysate broth. DRNA indicates desoxyribonucleic acid, and RNA 
ribonucleic acid. 


TABLE II 


Relative Dcsoxyribouuclcasc Activity of Various Source Materials 


Material 

Units per cc. 

Beef pancreas — 0.25 n H-SOr or aqueous extract* 

3300-3500 

Swine pancreas — aqueous extract* 

1000-2000 

Group A hemolytic streptococci — culture supernate 

200-400 


1-2 

"Reef spleen — aqueous extract* 

<1 

Pfllf thymus — aqueous extract* 

<1 

fiwh/trtchia coli\ — culture supernate 

0 

pad Hits fithiilis'f' — culture supernate 

0 




* Tissue extracted with 2 to 3 volumes of solvent. 
J One strain only tested. 


0.0025 cc. (0.5 cc. of a 1 : 200 dilution) contains one unit of enzyme in the terms 
defined for use with the pancreatic nuclease (6). Thus, the unconcentrated 
culture supernate contains 400 units per cc., and a final dilution in the viscosim- 
eter of 1:2000 causes a rapid fall in viscosity. With the exception of pan- 
creatic extracts, streptococcal cultures have proved to be the most potent crude 
preparations of desoxyribonuclease of the various tissue extracts and bacterio 
logical preparations tested in this laboratory. A comparison of the desox)- 
ribonuclease activity of representative source materials is given in Table 
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It will be seen that the activity of the -initial extracts of beef pancreas is about 
eightfold greater than that of streptococcal cultures. On the other hand, ex- 
tracts of organs such as thymus and spleen have relatively little activity and 
the cultures of certain other species of microorganisms appear to be wholly 
devoid of desoxyribonuclease. 

Rate of Production of Desoxyribonuclease . — Desoxyribonuclease is released into 
the medium by streptococci early in the active growth phase. This is demon- 
strated in Fig. 2, which records the results of a series of quantitative viscosi- 



Fig. 2. Rate of increase in concentration of desoxyribonuclease in culture supcraate during 
active growth of group A hemolytic streptococcus (strain H105). 

metric determinations of desoxyribonuclease on samples of the supemate of the 
same culture at intervals after inoculation. A rather large inoculum of washed 
young cells (2 X 10 s organisms per cc.) was used in order to avoid a long lag 
period. Desoxyribonuclease was detectable in the culture supemate at one 
hour and was present in accurately measurable amounts at 2 hours after in- 
oculation. Bacterial growth was estimated turbi dim etrically. As shown in 
Fig. 2, the concentration of enzyme increased logarithmically throughout the 
logarithmic growth phase of the organisms. It appears relatively certain, 
therefore, that the presence of the enzyme in the culture medium is not merely 
the result of the degeneration of aging cells. 

Effect oj Substrate on Nuclease Production . — An attempt was made to de- 
termine whether the presence of nucleic acids or enzymatic split, products of 
nucleic acid influences the quantity of nuclease produced during growth. For 
this purpose it was necessary to use the partially defined medium of Adams and 
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Roe, since the more complex media contain unknown amounts of nucleotides. 
Most strains of group A hemolytic streptococci will not grow on repeated 
transfer in the Adams-Roe medium, but a few strains will give good growth 
provided moderately large inocula are used. A study of the growth of one 
strain (D24) by serial transfers in this medium revealed that both ribonuclease 
and desoxyribonuclease appear in the cultures, although in consistently smaller 
amounts than in the dialysate broth cultures. 

The following substances were incorporated in the Adams-Roe medium at a 
final concentration of 0.1 to 1.0 mg. per cc.: desoxyribonucleic acid from calf 
thymus, ribonucleic acid from yeast, enz3unatic split products of desoxyribo- 
nucleic acid prepared with pancreatic desoxyribonuclease, and enzymatic split 
products of ribonucleic acid prepared with crystalline ribonuclease. Strain 
D24 was grown in the presence of these various added substances, and in no 
case was there any measurable increase in nuclease content of the cultures as 
compared with control cultures in plain Adams-Roe medium. Furthermore, 
desoxyribonuclease production was not enhanced by the addition of large 
amounts of sodium dcsoxyribonucleate (up to 1 gm. per 100 cc. of culture) to 
cultures of streptococci in which heavy growth was obtained by continued 
neutralization of the acid formed in the presence of excess glucose. These ex- 
periments suggest that the nucleases, in contrast to streptococcal hyaluronidase 
(7), are not “adaptive” in character. 

Relationship of Nuclease Production to Requirement for a Purine Grmvth 
Factor . — Wilson (1) has shown that certain strains of group A streptococci when 
inoculated into Adams-Roe medium supplemented with horse serum require 
the addition of a purine factor for growth. Viscous desoxyribonucleic acid did 
not serve as a source of the growth factor, although it was rendered active by 
digestion with pancreatic desoxyribonuclease. In a previous paper this finding 
was interpreted as indicating that these strains of group A streptococci lack the 
capacity to form an enzyme analogous to pancreatic desoxyribonuclease (6). 
However, the results of the present studies are not compatible with this interpre- 
tation, since several of the strains employed by Wilson have been tested and 
found not to differ from other strains with respect to desoxyribonuclease form- 
ation. Furthermore, a partially purified preparation of the enzyme was pre- 
pared from one of Wilson’s strains (2S84F, designated C811 in Table I) and 
was shown to be capable of converting calf thymus desoxyribonucleic acid into 
an active source of the growth factor, just as does pancreatic desoxyribonu- 
clease. It is apparent, therefore, that the failure of the organisms to grow in 
the horse serum medium with added desoxyribonucleic acid is not referable to 
an inherent inability to form desoxyribonuclease. However, with the small 
inocula used (10 -5 cc.), growth is probably not initiated in the absence of the 
purine factor and thus no enzyme is formed to convert the desoxyribonucleic 
acid into an available source of the factor. 
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DISCUSSION' 

The data recorded in the present paper indicate that both rjbonuclease and 
desoxyribonuclease are produced by a wide variety of strains of group A strepto- 
cocci during growth in fluid media. In relative terms, a large amount 
of desoxyribonuclease is formed; for example, 1 cc. of unconcentratcd culture 
supemate is sufficient to cause depolymerization of several grams of desoxy- 
ribonucleic acid. Nothing is known at present concerning the possible role of 
the nucleases in the multiplication of streptococci in host tissues, and it has not 
been determined whether antibodies which inhibit the enzymes are formed fol- 
lowing streptococcal infections. Because of the nature of their action, it seems 
unlikely that either of the nucleases is capable of damaging living cells, and 
their action in vivo is probably limited to the breakdown of nucleic acids released 
by tissue cells that have been destroyed by other agents. 

The occurrence of the nucleases in culture supemates is not only of theoretical 
interest but has been shown to be of practical importance in the isolation and 
purification of other extracellular products, such as streptokinase and pro- 
teinase, since the nucleases must be separated from them in the course of puri- 
fication procedures. Measurement of nuclease activity provides a delicate and 
simple test for the efficacy of the fractionation procedures employed. Further- 
more, since streptococcal desoxyribonuclease is present in relatively large 
amounts, its preparation in purified form is feasible. In preliminary experi- 
ments fractions have been obtained which have a higher specific activity than 
pancreatic desoxyribonuclease made by the method previously described (6). 
These streptococcal desoxyribonuclease preparations have the additional 
advantage of being free of proteolytic activity. 

The several enzymes which have been described as being released or 
“secreted” into the environment by group A hemolytic streptococci have in 
common the property of attacking substrates of large molecular size. Thus, 
streptokinase, streptococcal proteinase, hyaluronidase, ribonuclease, and des- 
oxyribonuclease are involved directly or indirectly in the degradation of macro- 
molecules. From one point of view, these enzymes may be interpreted as 
serving as a “digestive” function; that is, of preparing potential nutrient ma- 
terial so that it can be assimilated by the microorganism. Wilson’s studies on 
the purine growth factor are in accord with this interpretation, since it seems 
apparent that the action of desoxyribonuclease on desoxyribonucleic acid results 
in the formation of certain products which the streptococcal cell is able to uti- 
lize. In connection with the possible “digestive” nature of these enzymes, it 
is of interest to compare the known enzymes of streptococcal supemates with 
those of mammalian pancreatic secretion. A single streptococcal culture super- 
nate can contain a proteinase, a carbohydrase, and the two nucleases, enzymes 
which are representative of some of the main components of the pancreatic 
secretion. The analogy can be pursued further, since streptococcal proteinase, 
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like the pancreatic proteinases, has been shown to be released in the form of an 
inactive precursor (8). 


SUMMARY 

1. All of the thirty-six strains of group A hemolytic streptococci tested 
were found to elaborate ribonuclease and desoxyribonuclease during growth 
in liquid cultures. Both enzymes are released into the medium. 

2. Desoxyribonuclease is consistently produced in greater amount than 
ribonuclease. The concentration of desoxyribonuclease in the culture in- 
creases logarithmically during active growth of the organisms. 

3. Under tire conditions employed, the presence of specific substrate or 
enzymatic split products of the substrate did not influence the production of 
either nuclease. 

4. The failure of viscous desoxyribonucleic acid to serve as a source of the 
purine growth factor required by certain strains of group A streptococci was 
shown not to be referable to the inability of these strains to form desoxyribo- 
nuclease. 

5. The determination of nuclease activity provides another criterion for 
evaluating purification procedures used in the attempted isolation of substances 
such as streptokinase and proteinase from the supemates of streptococcal 
cultures. 

The author takes pleasure in acknowledging the able technical assistance of Miss Elizabeth 
Van Pelt. 
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A MEANS OF INCREASING THE TUBERCULOSTATIC EFFECT OF 
KNOW CHEMOTHERAPEUTIC AGENTS 
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Dubos and his coworkers recently have shown the profound influence that 
certain surface-active oleates have on the in vitro growth of the tubercle bacillus 
(1-3). Their work suggests that by the addition of these fatty acid in a highly 
surface-active form a great enhancement of growth can be obtained. The 
mechanism of action of this surface-active growth-promoting factor has been 
interpreted according to known physical-chemical principles, which would 
indicate that the oleate is concentrated at the periphery of, or within the con- 
fines of the mycobacterium. 

In the study here to be reported, 1 several surface-active tuberculostatic 
substances have been prepared and tested in an effort to determine whether a 
similar increased effect on the tubercle bacillus would be obtained by concen- 
trating an inhibitory instead of a stimulating substance about the organism. 
These substances were found to be effective in vitro in relatively low concen- 
trations. 

The mechanism of such tuberculostatic action was investigated according to 
physical-chemical principles, by isolating the factor of drug action due to its 
surface activity from its inherent (non-surface-active) component. This was 
carried out by introducing a substance antagonistic to the surface-active com- 
ponent of the drug, but in no other way interfering with its antibacterial action. 
These studies suggest that the property of surface activity may enchance the 
tuberculostatic action of a given drug. The reason for such action is discussed 
and correlated with the steric arrangement of the drug molecule in relation to 
the surface of the mycobacterium. Other previously described surface-active 
tuberculostatic chemicals and antibiotics have also been studied with this con- 
cept in mind, and certain of them are shown to owe a part of their activity to 
the surface-active character of their molecules. 

Bypothelhical Effect of Surf ace-A clive Substances upon Mycobacteria . — In 
general, studies of the effects of surface-active substances upon the growth of 
bacteria and of acid-fast organisms in particular (4-8) have emphasized the 
fact that human tubercle bacilli can grow in vitro at a vastly reduced surface 

1 1 wish to thank Dr. Evarts Graham, Dr. XV. Barry Wood, and Dr. J. Bronfenbrenner for 
their help and assistance throughout the planning and execution of this study. 
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tension, most authors agreeing that growth is possible at 35 to 40 dynes per 
sq. cm. It was shown that under such conditions the growth of the organisms 
which normally occurs as a surface pellicle would submerge in liquid medium. 
Other characteristics of bacteria were also noted in the presence of surface- 
active substances, such as variations in pathogenicity (8), and the anti- 
swarming effect on B. protons (9). Stanley (10) has commented upon the 
correlation between known leprocidal agents, and their ability to lower surface 
tension, suggesting that the “soapiness” of solutions of these chemotherapeutic 
agents might in some way account for their bacteriostatic action. 

Dubos (1) in 1945 first showed the remarkable stimulating effect that water- 
soluble lipids in the form of a surface-active agent could have on the in vitro 
growth of the tubercle bacillus. He used a phospholipid (which is a naturally 



Pro. 1. Proposed orientation of Tween 80 molecule upon surface of tubercle bacillus 


occurring surface-active substance) as well as a synthetic commercially available 
surface-active agent, Tween 80. The addition of such a surface-active agent 
in concentration of 50 mg. per cent reduced the time required for growth in a 
liquid medium to less than a week. Many surface-active substances were tried 
before tests led to tire choice of Tween 80. In particular Dubos (11) has shown 
that the stimulating effect is inherent in the hydrophobic end of the Tween SO 
molecule, which is an oleate. The remaining portion of the molecule is merely a 
water-solubilizing complex, which in the case of Tween 80 consists of a sorbitan 
nucleus attached to three polyethylene glycol chains. 

If the known properties of surface-active substances be applied to the Tween 
80 molecule, its steric arrangement about the tubercle bacillus can be illustrated 
as in Fig. 1. This surface-active molecule will concentrate around the water- 
bacillus interface, with the hydrophobic portion of the molecule (the oleate) 
placed toward or pushed within the bacterium. The exact chemical nature of 
the structures on the periphery of the tubercle bacillus is under critical consid- 
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eration at the present time. Wliether a true fatty capsule, a lipid layer, or a 
lipoprotein complex exists is debatable (12), but as far as this study is con- 
cerned is of little consequence. Whatever its nature, at least an interface is 
formed which on one side is aqueous and on the other is high in lipid content 
(13). It is at this interface that the surface-active molecules adlineate. 
Whether actual penetration of this lipid layer is attained is only problematic. 

One of the actions of tire Tween 80 molecule in Dubos’ media therefore may- 
be that of concentrating a known metabolite (the oleate) at a point where it 
would be most readily available to the organism, namely’ at the periphery of, 
or possibly within the confines of the bacterial cell. By dispersing the normally 
clumped tubercle bacilli, Tween 80 asserts another type of stimulating effect 
upon bacterial growth. 

Instead of concentrating an essential metabolite at the tubercle bacillus 
boundary, as in the case of Tween 80, it was anticipated that a known tuber- 
culostatic substance might be used as the hydrophobic end of a surface-active 
molecule. In this way the eBective concentration of the drug might be in- 
creased, for the surface-active molecules instead of being spread evenly through- 
out the solution would adlineate about the periphery of the bacteria. Many 
compounds have been shown to be effective in vitro against the tubercle bacillus 
(14). Of these, among the best known and most thoroughly investigated are 
the diaminodiphenyl sulfone derivatives. Promin, promizole, and diasone are 
.some of the derivatives that have been produced commercially from this 
mother compound. Because of the availability of this compound, its rather 
simple chemistry’, and because of its water-insoluble nature, diaminodiphenyl 
sulfone was used as the tuberculostatic compound with which to test this 
hypothesis of drug action. By attaching a water-soluble component to one 
end of the diaminodiphenyl sulfone in such a way as to solubilize in a balanced 
manner the molecule, a surface-active drug fitting the requirements could be 
obtained. Fig. 2 a illustrates a surface-active oleate, such as would enhance 
the growth of the tubercle bacillus. Figs. 2 b and 2 c represent an. analogous 
surface-active sulfone which could act in a like manner to inhibit mycobacterial 
metabolism. In order to assure the orientation of the drug molecules, some of 
the drugs were compounded with the active sulfone attached to the end of an 
already surface-active molecule, as illustrated in Fig. 2 c. 

Investigation of Mechanism of Drug Action . — If the principles of drug action 
upon which these materials were prepared were correct, the surface-active 
agents should assert a tuberculostatic effect at a relatively low concentration. 
Mere measurement of antibacterial activity is, however, no proof of the mode 
of antibacterial action. For this reason, a means had to be found to isolate and 
measure that component of drug action which was dependent solely upon the 
surface-active properties of the drug. Such a method would determine whether 
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molecular orientation of a tuberculostatic drug about the mycobacteria could 
enhance its antibacterial effect. If such an increase of effect were noted, the 
validity of the hypothetical mechanism of drug action would be supported. 

In order to determine the increase in drug action due to its surface activity, 
recourse was had to another basic physical-chemical principle. If two surface- 
active substances are in an aqueous system, the more highly surface-active 
compound will crowd the less active substance from the interface of such a 
system. Applying this principle to the problem at hand, a more powerful 
surface-active substance in the form of Tween 80 could be added to the medium 
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in order to crowd the less active drug away from the periphery of the tubercle 
bacillus. The surface-active sulfones would be adlineated around the acid-fast 
organisms, but when Tween 80 was added the sulfones would be displaced from 
this interface, and would therefore lose the component of drug action due to 
their molecular orientation. In this way the component of drug action de- 
pendent on surface activity could be selectively abolished and thereby ac- 
curately measured. Non-surface-active drugs, on the other hand, would in no 
way be inhibited by Tween SO, thus furnishing an experimental control in the 
evaluation of drug action. 


EXPERIMENTAL 

Method in Determining Tuberculostatic Potency of Drugs . — Serial dilutions of a number of 
surface-active sulfones in appropriate liquid media were made in order to determine the mm- 
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imum concentration of drug required to inhibit the growth of various types of mycobacteria. 

A number of types of mycobacteria were tested in conjunction with the synthesized drugs 
as well as with controls. These ranged from the saprophytic Mycobacterium tuberculosis 
607 to the virulent human H37Rv strain. These organisms included: 5 

Mycobacterium tuberculosis H37Rv 
Mycobacterium tuberculosis H37Ra 
Mycobacterium tuberculosis var. hominis 607 
Mycobacterium avium 
Mycobacterium tuberculosis var. basis 
Mycobacterium phlci 
Mycobacterium stercoris 

As the work with these surface-active materials progressed, it was found that, in order to 
avoid errors in titer of drug action, a medium containing a minimum of surface-active material 
was required. For this reason the Verwald modification of Proskaucr-Bcck synthetic medium 
was used at pH 7.2. 

Inoculations of mycobacteria other than the H37 strain were made with one loopful of a 
72 hour growth. The organisms were incubated at 37°C. for 72 hours before being read. 

The H37 strain was grown on Dubos’ albumin-oleatc medium (15). Inoculations were 
made with approximately 0.01 mg. of the organisms, the virulence of which had been main- 
tained by mouse passage. Incubation was at 37’C. for 10 days. There usually was no dif- 
ference in readings between the 6th and 10th days, but the longer period was used as final. 

A series of surface-active sulfones was prepared by the Monsanto Chemical Co. according 
to the principles discussed above. 5 In order to make the surface-active properties of the drugs 
independent of pH variations, non-ionic or very slightly ionizing compounds were used. 

Table I shows the chemical nature and formulae of the surface-active drugs used, as well 
as the control drugs included for study. All the compounds except diaminodiphenyl sulfone 
were water-soluble and were added in aqueous solution in the proper dilutions to the media. 
Ethylene glycol was used to dissolve the water-insoluble 4,4'-diaminodiphenyl sulfone. 

Surface tension determinations were made v.ith a du Isouy ring tensiometer. The values 
for these determinations are given in Table II. It is obvious from these determinations that 
the inhibitory effect of the drugs upon the growth of the tubercle bacillus is not simply by 
means of lowering the surface tension of the medium, for in no case was the surface tension at 
the level critical for mycobacterial growth, namely 35 to 40 dynes per sq. cm. 

Included in this study was pyriridin (sodium formaldehyde bisulfite of 5-amino-2-butosy- 
pyridine), a tuberculostatic agent recently described by Feinstone (16). 

Results of Tuberculostatic Measurement.— In general, the bacteriostatic effi- 
ciency of each drug was similar when tested with the various types of myco- 
bacteria. This finding is in agreement with previous studies (16, 17). For 
this reason, only the results obtained with the virulent H37Rv human strain 
are given, even though all the other mycobacteria were tested. 

5 The strains of Mycobacterium tuberculosis H37Rv and H37Ra were kindly supplied by Mr. 
\V. Steenken, Jr., from the Standard Culture Depot of the National Tuberculosis Association, 
Trudeau. The other strains of mycobacteria were obtained from the American Type Culture 
Collection. 

5 It is a pleasure to acknowledge the help of Mr. Paul Logue, Dr. Paul Glusenkamp, and 
Mr. Milton Kostnin, all of the Monsanto Chemical Co., in the chemical problems involved 
m this study. The surface-active sulfones were synthesized under their direction at the 
Central Research Department, Dayton. 



TABLE I 


No, 

■ Name 

Chemical formula 

Chemical nature 

1 

Stcrox 1 

HOCrTf<— (QCiIT t )i— OCsIK— NH<( 

„ JSO, 

HOCsH, — (OC,H<)j — OC«Hi — Nff<^ )>/ 

4,4'-Diamiaodiphenyl 
sulfone ethylene oridi 
condensation product 

2 

Stcrox 2 

HOC*H«— (OCsir<)ir- OSOjTI • (2 )NH;<^ ^)SOr<^ ^NHa 

Carbowax 600 sullate cf 
4, 4'-diaminodiphcnj'l 
sulfone 

3 

Stcrox 3 

“ II 

Same as stcrox 2 but with 
less sulione (50 per cea! 
less of theoretical) 

4 

Sterox 4 

HOCiH < (C;H4Q)aHN<^ ^>SO;<( ^NHC(CHs)tCH t 

0 

4-Capry]oylammo-4'- 
aminodiphcnyl sulione 
plus ethylene oxide 

S 

Stcrox 5 

H0C,H4(CiH40)90CsH 4 0 

< >CHs-NH< >SCL< >Nh, 

Condensation of chloro- 
mcthyl triton N/lOOffiti 
4, 4 '-dinminodiphenyl 
sulfone 

6 

Sterox 7 

IIOCjHi (CsH,0) sOCjB.O 

t> CH - NH <ZX 

so- 

HOCiHi(C;H<Q)i-NH<^ ^ 

Same ns stcrox 5 but with 
added ethylene oxide 

7 

Sterox 6 

HOC ! H < (C,H,Q),C-.H.O--NH<( )>SO^ )>N-CH 

0- 

OCH. 

Isovanillin anil of 4, 4'- 
diaminodiphcnyl sulione 

' 

■ 

■ 

HOCsH<(OCaH«)i8 — OCtHjO^ )>SOr( )> 

0 — (CjHiO)ii — C iH<OH 

Condensation product of 

2 , 4 '-dihydroxy diphenyl 
sulfone plus ethylene 
oxide 

9 

Stcrox 9 I 

Same as above except a total of 20 mols of ethylene oxide instead of 24* 
and a mixed isomer used 

Condensation product of 
mixture of 2,4'- aD ^ 

4 , 4 '-dihydroxy diphenyl 
sulfone with ethylene 
oxide 

10 

Sterox 10 

IfOCHiCHt — (OCsHilnOCiHiSQsH'NHr^ )-SOi<( ^>NHr ' 

l,4'-Diaminodiphenyl sul- 
fone salt of polyethylene 
glycol sulfonicacid 

11 

• 

NHi<( )>SO;<( )>NH«. 4 

;, 4 '-Diam inodiphenyl sul- 
fone 

12 

Promin* 

; 

HOCHi(CHOH)*-CH-NH<^~~\ S 

SOjNa \ 

SOi 

SOjXa 

ffOCHt(CHOH),— CH — NH<^ 

odium salt of 4, 4 '-dfara- 
diaminopldhcnyl suUo« 
,y.,V' di- (dextrose sul- 
fonate) 

13 

Pyricidint 

( 

i^NnHCHjSOjN a Sc 

:.n,a xy J 

N 

idium formaldehyde hi 
sulfite of 5 -amino- 2 -bu- 
toxypyrfdine 


• Kindly supplied by Parke, Davis and Co., Detroit. 

$ Kindly supplied by the Pyridium Corporation, Nepara Park, Yonkers. 

The remainder of the drugs were all synthesised by the Central Research Department of the Monsanto C hemlca 


Dayton. 
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As can be seen from Table III, the drugs van' widely in their tuberculostatic 
effect. Most of the compounds are tuberculostatic in very low concentrations, 


TABLE II 

Surface Tension of Drugs in Solution 


Drus 

Surface tension 10 m 3 , 
per cent aqueous 
solution 


iyr.tiln.cn. 

72 


60 


59 


65 


45 


42 


53 


44 


59 


56 


51 


72 


55 



TABLE IH 

Tuberculostatic Effect of Drugs 


Drug 

Minimum concentration 
inhibiting growth of 
Mycolactcriuv. tuber- 
culosis Hi“Rv 

Sterox 1 

rr.g. fer cent 

20 

25 

1.0 

i >20 

0.07 

>20 

1.5 

>20 

>20 

0.6 

65 

0.6 

0.06 

Sterox 2 

Sterox 3 

Sterox 4 

Sterox 5 

Sterox 6 

Sterox 7 

Sterox S 

Sterox 9 

Sterox 10 

Promin 

Diaminodiphenyl sulfone 

Pyricidin 



and are effective in ranges well below that of promin. Though the absolute 
degree of effectiveness is not of major importance in supporting the hypothesis 
of drug action, these compounds are definitely potent tuberculostatic sub- 
stances. 
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Certain of the compounds are seen to be less active than others. In those 
cases in which ethylene oxide was added hi an effort to make the compound 
more water-soluble, a decrease in tuberculostasis is noted. Tin's is felt to be 
due to the fact that the previously unbound amino group on the sulfone is tied 
up by the additional ethylene oxide. As has been demonstrated with the 
sulfonamides (18), such a condition decreases bacteriostatic activity, since a 
free amino group seems to be required for optimum action. 

In like manner, those compounds in which the sulfone is in the middle of the 
molecule — sterox, 1, 4, and 6 — are of less absolute tuberculostatic value. This 
may be due to the absence of a free amino group, as when ethylene oxide is 
added. On the other hand, such a molcule would not have' the active sulfone 
at the end of the hydrophobic portion of the molecule and thus might be 
utilized less readily by the organism. 

Two compounds — sterox 8 and 9 — were made in which dihydroxy diphenyl 
sulfone was used as the base, but neither of these substances was as effective as 
the diamino derivative. 

The most active of these compounds are those in which orientation of the 
molecule by means of its surface activity is assured. Sterox 3, sterox 5,. and 
sterox 10 are all effective against the mycobacteria, all have definite surface- 
active properties as gauged by their surface tension depressant action, and all 
have the sulfone on one end of the molecule. These are conditions that, ac- 
cording to the theory of drug action, might be required for most efficient action. 

The potency of pyricidin against the tubercle bacillus as stated by Feinstone 
(16) is confirmed in this study. 

Method in Evaluating Component of Drug Action Due to Its Surface Activity. — In order first 
to determine the qualitative effect of the highly surface-active Tween SO upon the tuberculo- 
static action of the drugs, the minimum concentration inhibiting mycobacterial growth was 
determined in the presence of and in the absence of Tween SO. This was accomplished by 
inoculating Mycobacterium tuberculosis var. hominis 607 into tubes of Proskaucr-Beck medium 
containing graded dilutions of the surface-active tuberculostatic agents. Another comparable 
series was run with graded drug dilutions plus 0.05 per cent Tween SO added to the medium. 

A comparison of the tuberculostatic activity in the presence of and in the absence of Tween thus 
indicated the presence or absence of interference in drug activity. 

When large amounts of surface-active substances were present in the media, the organisms 
grew not as a surface pellicle, but as a submerged layer, or diffusely throughout the culture 
tube. End-point determinations for inhibition of growth continued to be clear-cut, however. 

So that a more quantitative measure of this antagonistic action between the surfacc-actnc 
drugs and the more highly surface-active Tween SO could be made, tests of drug activity »n 
the presence of varying concentrations of Tween SO were carried out. 

A graded series of drug dilutions were added to a similar set of Tween SO dilutions so that 
the amount of drug required for mycobacterial inhibition could be determined for varymS con- 
centrations of Tween SO. Again Mycobacterium tuberculosis var. hominis 607 was used as t ic 
test organism in Proskaucr-Beck medium. As indicated in Fig. 3, two of the surface-active 
sulfones (sterox 3 and 5) as well as pyricidin were tested in the presence of varying eonccntra 
tions of Tween 80. The end-point in each series of dilutions was the minimum concentration 
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of drag that would inhibit the mycobacterial growth in the presence of the given Tween 80 
concentration. 

This type of experiment is similar to that carried out by Wood (19) in which the antagonistic 
action between the sulfonamides and paraaminobcnzoic arid was tested. In the case of the 
surface-active sulfones, however, their inhibition is only partial, for but one component of 
drag action is neutralized, namely that portion due to its surface activity. 

Results oj Tuberculostatic Inhibition — Table IV shows the results of the 
first series of experiments in which a given concentration (0.05 per cent) of 


TABLE IV 

j Difference in Tuberculostatic Effect in the Absence and in the Presence oj 0.05 Per Cent Tween 80 


Number 

Name 

Per cent 
active 
principle 
of total 
molecular 
weight 

Concentration inhibiting 
growth of Mycobacterium 
tuberculosis var. hominis 
607 

Difference 
in activity 
when sur- 
face action 

ProsVauer- 

Beck 

medium 

Proskauer- 
Beclc medium 
plus 0.05 per 
cent Tween 
SO 

of drug is 
abolished 
by Tween 
£0 

i 

Sterox 1 

per cent 

36 

mi. per cent 

1.5 

mi. per cent 

200 

130 X 

2 

Sterox 2 

27 

0.9 

ISO 

166 X 

3 

Sterox 3 

17 

0.4 

200 

500 X 

4 

Sterox 4 

19 

>20 

200 


5 

Sterox 5 

26 

0.2 

75 

375 X 

6 

Sterox 6 

37 

>20 

200 


7 

Sterox 7 

18 

0.5 

150 

300 X 

8 

Sterox 8 

19 

>20 

200 


9 

Sterox 9 

22 

20 

200 


10 

Sterox 10 

28 

0.75 

150 

200 X 

11 

Diaminodiphenyl sulfone 

100 

0.072 

0.072 

None 

12 

Promin 

31 

4.0 

5.0 

Neelijrible 

13 

Pyriridin 

100 

0.062 

25 

403 X 


Tween 80 was used to determine qualitatively whether any inhibition in drug 
eSect was attained by the highly surface-active oleate. As can be seen, a 
great discrepancy exists between the tuberculostatic powers of the surface- 
active sulfones in the absence of and in the presence of the more highly active, 
and growth-promoting Tween 80. In the case of sterox 3 there was a decrease 
of 500 times in drug activity when 0.05 per cent Tween 80 was present. By 
partially interfering with the molecular orientation of the drug about the 
bacteria, therefore, the activity of the drug was decreased 500 times. Stating 
the situation in a reverse manner, it could be said that making the drug surface- 
active with its resultant steric arrangement about the organism, increases its 
tuberculostatic action 500 times. 

. It is quite evident from these data that no appreciable inhibitory eSect is had 
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upon those drugs that are not in themselves surface-active. Diaminodiphenyl 
sulfone, and promine are not affected, whereas the various surface-active 
sulfones and pyricidin are markedly inhibited in their bacteriostatic effect by 
these surface-active antagonists. It would seem that this furnishes a method 
of differentiating the mechanism of drug action between those compounds 
which rely for their action to some extent on their surface activity from those 
compounds which do not have this physicochemical property as a basis of their 
activity 



1 » — — - > — - — 1 _ . - - — i _ - i _ .»--- » ■ - - t - » ■ — ** 

io~ 9 io' 8 id" 7 io' s io" 5 io" 4 io~ 3 io 2 icf 1 

MOLAR CONCENTRATION TWEEN BO. 3 I > 

Fig. 3. Inhibition of tuberculostatic action of surface-active drugs by more highly surface- 
active Tween SO. 


More precise and quantitative measurements of this tuberculostatic an- 
tagonism are recorded in Fig. 3. In this experiment the two most effective 
surface-active sulfones (sterox 3 and 5) as well as pyricidin were tested in the 
presence of varying concentrations of Tween SO. The tuberculostatic end- 
points in this experiment are plotted as a function of the Tween SO and drug 
concentrations. 

In very low concentrations of Tween SO there is no inhibiting effect upon 
drag action — the flat part of the curve where a minimum of drug was needed 
to cause bactcriostasis. As more Tween SO was added, however, an increased 
amount of drug was required to inhibit bacterial growth. At a certain point 
the addition of more Tween SO caused no further diminution in 1 he effect of the 
drug, and at this point the curve leveled off. 
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Non-surfacc-active drugs arc not antagonized in their bacteriostatic action 
by Tween 80. Graphically, such substances as promin, diaminodiphenyl 
suifone, and sodium azide produce a straight horizontal line in experiments 
such as that illustrated in Fig. 3 for their action is independent of Tween 80 
concentration. At that point where the steric concentration component of the 
surface-active drugs is abolished, they too act like non-surface-active drugs, 
thus accounting for the leveling of the curve in Fig. 3. 4 Returning to the 
physical-chemical principles involved, the antagonistic action between the two 
surface-active substances in the form of Tween SO and the surface-active drugs, 
may be pictured as a competition for a place at the mycobacterial boundary. 
Increasing concentrations of Tween push the less surface-active drug from the 
bacterial cell back into the surrounding medium. At a certain point, all of 
the surface-active drug would be pushed from this interface and further addi- 
tion of Tween 80 would assert no more effect. At this point the curve flattens 
out on the graph, for the surface-active component of the drug has been en- 
tirely abolished and its action is that of any non-surface-active agent: it is 
bacteriostatic when metabolized by the organism, but has no particular steric 
adlineation around the bacillus. 


DISCUSSION 

The Surface-Aclhe Component in Some Previously Described Bacteriostatic 
Substances. — In support of the mode of drug action described above, several 
drugs previously reported in the literature can be cited (22). If molecular 
orientation about an organism by reason of surface-active properties en- 
hances the bacteriostatic effect of a drug, then drugs having any degree of 
such surface activity should demonstrate the principle involved. Such drugs 
were found and their mode of action proven to be similar to that of the syn- 
thesized surface-active sulfones. 

Feinstone (16) recently has introduced a new series of potent tuberculostatic 
substances. He discussed the efficiency of such substances but has not sug- 
gested the mode of action of the compounds. The drug showing the greatest 
promise, according to the author, was sodium formaldehyde bisulfite of 5-amino- 
2-butoxypyndine. This drug has been called pyricidin by its manufacturer. 
Examination of the chemical nature of this drug (Table I) suggests that the 
compound would have surface-active properties, and it does, as a matter of 
fact, lower surface tension of an aqueous solution markedly, as shown in Table 
H. 

Just as the surface-active sulfones were described as concentrating about the 
mycobacteria, so the surface-active pyricidin molecules can be pictured at the 
bacterial interface. In the latter case, an entirely different hydrophobic and 

' ^ ar ^ rorn firfng antagonized, the action of some non-surface-active bacteriostatic sub- 
stances is enhanced by the addition of surface-active agents. This is probably due to the 
dispersing and wetting power of the capillary-active material (20, 21). 
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tuberculostatic material is concentrated around or within the cell, consisting of 
a pyridine nucleus instead of a sulfone. Though the basic mode of metabolic 
inhibition with the two drugs is probably very different, they are concentrated 
about the organism in a similar fashion — by means of their surface-active 
properties. 

That pyricidin does indeed owe some of its activity to its molecular concen- 
tration about the bacteria is shown in the similarity of its experimental behavior 
to that of the surface-active sulfones. This is evident from examination of 
Fig. 3 and Table IV. The bacteriostatic activity of both pyricidin and the 
surface-active sulfones is diminished when their steric arrangement in regard 
to tire bacterial boundary is disturbed. Under these conditions, both groups 
of drugs maintain a bacteriostatic effect, but one which is much less than is the 
case when their surface-active properties are allowed to come into play. Both 
therefore appear to have their antibacterial action enhanced by reason of their 
surface activity. 

Another group of tuberculostatic substances that have surface-active prop- 
erties has been introduced by Freedlander (23). This author has studied the 
chemotherapeutic properties of certain sulfonium and iodonium salts winch lie 
has noted in passing are to some degree surface-active. He further states 
‘ that, though the sulfonium and iodonium compounds belong to the class of 
cationic surface-active substances, their action is not that of the commonly 
used germicidal detergents. It would seem that the mechanism of action of 
this group of tuberculostatic agents might in part be explained by their property 
of surface activity, as in the case of pyricidin. 

Certain of the antibiotics also are found to be surface-active, and their 
activity must be considered in the light of the physical-chemical principles 
herein described. Gramicidin (24) and its various breakdown products (25, 26) 
have marked surface-active properties. The antibiotic subtilin is likewise 
reported to be surface-active (27). Although the exact chemical nature of 
these antibiotics is not known, the surface-active molecules may be pictured 
as concentrating about an organism in a manner analogous to that of the 
chemically simpler surface-active drugs. 

Surface-Active Bacteriostatic Agents in Contrast to the Detergents. Since 
Domagk (28) first observed the bactericidal action of certain cationic deter- 
gents, a vast literature on this subject lias accumulated. Many cationic 
surface-active agents are commercially available (zephiran, phemerol, cecpryn, 
etc.) and have found wise use as topical germicides. They have unfortunately 
a non-specific cytolytic action, effectively disintegrating not only bacteria, but 
tissue cells as well. For this reason their systemic use is precluded. 

The surface-active bacteriostatic agents used in this study owe their essential 
antibacterial activity to properties other than mere cell destruction. Their 
mode of action is essentially the same as that of the chemotherapeutic mother 



B. EISEMAN 


201 


compound from which tliey arc derived— in the case of the drugs used in this 
study, that of the sulfonc. They function therefore as selective inhibitors, 
blocking enzyme systems that are vital for bacterial growth, but are relatively 
less important to tissue cell metabolism. The surface-active properties of such 
drugs effectively increase their apparent antibacterial activity but they con- 
tinue to operate in a manner which makes them more toxic to bacteria than to 
host cells. The active hydrophobic end of the surface-active drug may ap- 
proach many cells but is relatively toxic only to the bacteria. Instead of being 
classed with the cationic detergents as general protoplasmic poisons, therefore, 
these substances may be considered chemotherapeutic agents. 

Baclericidal-W tiling Agent Mixtures. — Simple mixtures of various types of 
bactericidal and bacteriostatic drugs with surface-active substances have been 
investigated by many authors (21, 29-33). The consensus of opinion has been 
that a potentiation of bactericidal effect is obtained by means of these mixtures 
(20). The mechanism of such action is felt to be due to the wetting action of 
the detergent upon the bacteria, thus sponsoring closer contact between drug 
and organism (34). 

The use of mixtures of drugs and wetting agents is, of course, a condition 
different from the employment of a single molecular compound containing 
both bacteriostatic and surface-active properties. Wetting of the bacteria 
may not necessarily produce closer contact between drug and organism, for 
the bacteriostatic agent is in no way attached to the surface-active molecule 
that coats the bacteria. Contact between drug and bacteria would in this 
case depend upon the interaction between the drug and the wetting agent, as 
well as on the nature of the organism involved. If, on the other hand, one 
molecule combined the two characteristics of surface activity and bacterio- 
static action, such condition of contact is assured. 

Applications of These Principles of Drug Activity. — If these principles of 
drug activity should be confirmed, their application to various types of chemo- 
therapeutic agents should be feasible. Surface-active properties can be 
relatively easily imparted to many types of molecules. In the case of anti- 
bacterial drugs, this of course may change the essential metabolic activity of 
the compound, and this effect would have to be considered in drug synthesis. 

Because of their high lipid content, only mycobacteria have been included in 
this study. The physical-chemical principles involved, however, are equally 
applicable to other types of organisms, though according to Feinstone’s results 
with pyricidin (16), the drug is much less effective against organisms other than 
mycobacteria. 

Since the surface-active properties of these drugs need be relatively slight in 
order to assure their molecular orientation, their toxicity in this respect may 
not be great. The bacterial inhibition that they induce is not dependent solely 
on their action as a surface tension depressant, and therefore they need have 
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none of the cytolytic properties of the strong detergents. In vilro experiments 
with the drugs used in this screis, for example, demonstrate that many times 
the concentration required for tubercle bacillus inhibition is necessary to 
initiate hemolysis. 


summary and conclusions 

By incorporating a known tuberculostatic agent on one end of a surface- 
active molecule, an increased in vilro effect on the tubercle bacillus has been 
obtained. 

This activity is presumably due to the concentration of the drug molecules 
at or beneath the mycobacterial cell boundary. 

Whether the surface-active drug actually penetrates the lipid, or lipo- 
protein complex that is so characteristic of the mycobacteria is only problem- 
atic. According to comparable purely plysical-chemical experiments, such a 
penetration is quite likely. 

Increase in tuberculostatic effect of over 1000-fold has been attained by 
rendering surface-active the drugs included in this study. The quantitative 
evaluation of this increase in activity has been obtained by measuring dnig 
action both when its surface-active properties are functional, and when these 
properties have been selectively abolished by a specific surface-active an- 
tagonist. 

It is believed that the molecular orientation of a surface-active drug about a 
bacterial cell accounts for one component of its antibacterial action. Certain 
previously described surface-active antituberculous drugs and antibiotics have 
been examined in light of this interpretation. 

It may be anticipated that the more potent tuberculostatic drugs such as 
streptomycin could be made more effective by incorporating the molecule into 
a surface-active compound, according to the principles herein described. 
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It is desirable to obtain all functional proteins in a pure state to study their 
nature, properties, and mode of action. This is especially true for bacterial 
toxins. At present, little or nothing is known concerning the primary chemical 
or physiological effects of bacterial toxins; even the tissue cells affected are for 
the most part unknown. Thus, information on either the nature or the mode 
of action of bacterial toxins would permit a better understanding of the specific 
physiologic functions which are disturbed during the course of infections and 
would perhaps suggest improved immunotherapeutic or specific chemothera- 
peutic measures. 

Several exotoxins have been isolated in highly purified form. Both Eaton 
(1) and Pappenheimer (2) have prepared purified diphtherial toxin. Two 
groups (3, 4) working at Camp Detrick have reported the crystallization of 
boliilimim toxin (type A). Scarlatinal toxin (5) and streptolysin (6) have been 
highly purified. Although these toxins have been characterized as heat-labile 
proteins, physical and chemical analyses have as yet offered no explanation for 
their extreme toxicity. 

Pickett, Hoeprich, and Germain (7) prepared tetanal toxin (Mueller) in a 
highly purified state by neutral salt precipitation and adsorption on cadmium 
compounds. Their best preparation contained 0.023 X 10 -6 mg. N per m.l.d. 
which represented a product of about 100 times greater purity than had been 
previously reported (8). These authors made no claim that they had reached 
the limits of purity for this toxin. 

In a preliminary communication, Pillemer, Wittier, and Grossberg (9) re- 
ported the crystallization of tetanal toxin. The purpose of the present paper 
is to describe in detail the methods for the purification and crystallization of 
tetanal toxin. Certain chemical and physical properties of the crystalline 
toxin are also presented. 

experimental 

Materials. The parent tetanal toxins 1 employed in this study were prepared according to 
the method of Mueller and Miller (10) and contained between 20 and 40 Lf units and between 

Aided by grants from Lederle Laboratories Division, American Cyanamid Company, and 
Wyeth, Inc. 

1 Supplied by Lederle Laboratories and Wyeth, Inc. 
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200,000 and 500,000 m.l.d. per ml. It is doubtful whether the present study could have been 
carried to completion if this toxin had not been available, because attempts to crystallize 
tetanal toxins prepared on veal infusion-protcosc-peptonc medium had not been successful. 

All chemical reagents were either c.i\ or the best grade obtainable. The acetate buffer 
used for pH adjustments was composed of 2 at acetic acid and 0.4 at sodium acetate. Diluted 
40-fold with distilled water, this buffer gave a pH of 4. 

General Methods . — Methods for the determination of minimal lethal dose (ar.L.D.) of tetanal 
toxin have been reported elsewhere (II). It has been found that strict adherence to these 
methods gives results which are reproducible to within 10 per cent. The combining capacity 
(Lf) and the time required for optimal flocculation (Kf) were determined by methods previ- 
ously described (11). In most of the current experiments, increasing amounts of toxin were 
added to a constant amount of antitoxin. All other conditions were maintained as previously 
described. Since the antitoxin was maintained constant, the Kf of different samples was 
comparable. The criteria of Moloney and Hennessv (12) were rigidly followed in order to 
establish the true zone of flocculation. Special flocculating serums (13) were also employed 
to minimize the occurrence of false zones. 

The techniques employed here for electrophoretic analysis have been reported (14). Ultra- 
centrifugal studies were carried out by Dr. Dan K. Moore, of Columbia University, employing 
techniques in use in his laboratory. Solubility' - determinations were carried out according to 
Northrop (15). Isoelectric points were determined by a modification of the method of 
Michaelis and Rona (16). Hydrogen ion determinations were made on the glass electrode 
after warming the sample to 25° and before the addition of methanol. After adjustment of 
the pH and the addition of methanol, the ionic strength was calculated from the valence of 
the ions present and from their concentration. Centrifugation was carried out in a refrigerated 
centrifuge (International, PR-1). Constant temperature baths were employed to maintain 
the desired temperature of the solutions during fractionation. 

Immunological Considerations . — The classical studies of Ramon have estab- 
lished the valid it}' of the flocculation test for the determination of the com- 
bining units of tetanal toxin and toxoid. However, the flocculation test does 
not distinguish between toxin and toxoid, both of which combine with anti- 
toxin. Therefore, in studies on the purification of toxins, caution must be 
observed in interpreting data based solely on flocculation tests. The inter- 
mediate or final products may represent mixtures of varying proportions of 
toxin and toxoid. 

The toxic properties of toxins are due to groups or configurations on the 
molecule distinct from those groups responsible for flocculation. The deter- 
mination of the m.l.d. of the toxin offers the best proof that toxin has not been 
converted to toxoid during fractionation or processing. The ratio of AI.I..D. to 
Lf per mg. of nitrogen or per ml. of sample also offers evidence of the integrity 
of the toxin molecule and distinguishes between spontaneous "toxoiding” ami 
dcnaluralion during handling. A decrease in this ratio indicates that toxin is 
being converted to toxoid. A loss of Lf units concomitant with a decrease in 
this ratio is due to denaturation with a resulting loss of toxic properties am 
combining capacity. Any increase in this ratio indicates that toxoid is being 
separated°from the toxin. The exact nature of the conversion of toxin to toxou 
is unknown. However, certain evidence presented below and reported else- 
where (17) suggests that tetanal toxoid is a dimer of tetanal toxin molecule* 
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which have apparently interacted or condensed through their toxic groups. 
Toxin which has spontaneously converted to toxoid exhibits immunological and 
physicochemical properties which differ from those of toxin. Thus, the pres- 
entation of data on a “pure toxin” may be misleading unless it is definitely 
established that the toxin is free of toxoid or that the toxoid has properties 
identical in all respects with those of toxin. 

The Kf of toxin has been followed here to ascertain the extent of early dena- 
turation of either toxin or toxoid. An increase in the Kf of a fraction compared 
with the preceding fraction or with the parent toxin is considered a definite 
indication of damage to the molecule. Any decrease in the Kf points to the 
removal of degraded toxin or toxoid molecules. Of course, such separations are 
desirable during purification and should occur if the fractionation procedure 
itself does not lead to irreversible changes in the labile proteins. In the present 
studies, the importance of Kf has been fully recognized. Any fraction showing 
evidence of a prolonged Kf is not employed for further fractionation or char- 
acterization. 

Criteria of Purity . — The identification of a protein as a single molecular 
species is difficult. The commonly accepted criteria are constancy of solubility, 
constancy of chemical composition, and homogeneity of all measurable physical 
properties. IVhen the protein has measurable functional activity, a constant 
correlation must exist between the above properties and all the biological func- 
tions of the protein. Such proteins as toxins, toxoids, and antitoxins must act 
as single substances in the flocculation test. In so far as possible, the conditions 
employed for physical characterizations should be within the physiologic range. 
This should permit a greater degree of correlation between physicochemical 
data and biological function of the protein. On the basis of data presented in 
this report, it would appear necessary to apply the above mentioned criteria to 
freshly prepared proteins. Identical samples should be employed for the com- 
parison of biological activity with chemical and physicochemical data, and these 
measurements should be made simultaneously. 

Methods of Purification . — The purification of toxins and toxoids offers many 
difficulties. One of the major problems is the separation of minute amounts of 
the active principle from large volumes of culture media and water. The insta- 
bility of toxins, as well as their great affinity for surfaces and adsorbing agents, 
offers additional difficulties. Furthermore, contamination of the toxin by 
microorganisms capable of elaborating other lethal toxins and enzymes may 
alter the true m.l.d. value of the toxin. Finally, several closely related proteins 
are present as contaminants. Thus, the separation of toxins and toxoids re- 
quires fractionation systems other than salt precipitation, adsorption, or acid 
precipitation. The method must be reproducible and transferable from small 
scale laboratory experiments to the large scale production routinely employed 
by industry. 

Theoretical considerations of the precipitation by ethanol-water mixtures 
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have been reviewed by Edsall (18). Cohn (19) and associates have put these 
theories into .practice in the fractionation of plasma proteins. As pointed out 
by these workers, the denaturing effect of alcohol is minimized at the low tem- 
peratures employed. Dialysis, which is a major objection to neutral salt pre- 
cipitations, is unnecessary in the process. The influence of pH, ionic strength, 
and protein concentration in this system of fractionation has been described 
( 18 ). 

In studies on the purification of labile toxins and toxoids (9, 11, 20-24) meth- 
anol has been found preferable to ethanol as the organic precipitating agent. 
Under certain conditions ethanol alters toxins even at low temperatures. It 
has also been noted in this laboratory that methanol may be preferable to 
ethanol for the fractionation of other proteins, including certain of the plasma 
proteins. The inherent danger of denaturation by increased temperature is 
greatly minimized by the use of methanol. Certain proteins which are dena- 
tured by ethanol at —5° are quite stable in methanol even at 0°. Since the 
volatile methanol is removed from the proteins by freezing the mixture and then, 
removing both the water and alcohol at reduced pressure, clinical objections to 
the use of methanol are minimized. 

For the most part, the influence of pH, alcohol concentration, temperature, 
and protein concentration on the solubility of toxins and toxoids is similar to 
that described for plasma proteins. The precise balance of the charged condi- 
tion of proteins (which is determined by the pH of the mixture) and tire meth- 
anol concentration plays the major r die in the separation of toxin from bacterial 
proteins and culture medium constituents. Protein concentration is adjusted 
to allow protective stabilization of the toxin molecules, by virtue of protein- 
protein interaction, and of their dipolar activities. The adjustment of five 
independent variables permits the attainment of a large number of experimental 
conditions for the separation of the desired proteins. 

The solubility of the components of a protein system will vary as a function 
of pH at constant ionic strength and constant methanol concentration, or as a 
function of methanol concentration at constant pH and constant ionic strength. 
Other sets of experimental values can be obtained as functions of temperature, 
ionic strength, or protein concentration at constant methanol concentration or 
pH. Each variable is adjusted at any one step in order to obtain the highest 
yield and greatest purity accompanied by no deleterious changes in the toxm 


molecules. 

The conditions for removal of impurities at any one step in fractionation arc 
specific for that step. In the same manner, the conditions required for the 
separation of a particular toxin will not necessarily apply to another toxin- 
Such investigations involve the laborious task of physicochemical, analytics , 
and immunological control and do not offer an easy or simple application to the 
purification of all protein systems. However, the precision of the method whic i 
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conforms to the disciplines of physical chemistry, the ease in obtaining highly 
pure products once the exact method has been established, and the reproduci- 
bility'' of results make it the method of choice in the fractionation of functional 
proteins. 


RESULTS 

In the present study the first step required that the toxin be removed as a pre- 
cipitate with a minimum accompaniment of cytoplasmic bacterial proteins, 
and of proteoses, peptones, and amino acids which are constituents of the culture 
medium. In subsequent steps, further removal of these impurities was accom- 
plished. Finally, the nucleoproteins, mucoids, and carbohydrates were re- 
moved, and then crystallization of the toxin was achieved. As will be seen 
below, the toxin may be precipitated or may be maintained in solution during 
the removal of impurities depending upon the limits of solubility of the protein 
and of the impurities, the nature of the impurities, and the convenience of the 
experimental conditions. It should be stressed that the conditions indicated 
in the text and tables must be rigidly followed for reproducibility. Small devi- 
ations in pH or other variables which may seem insignificant can result in a 
great decrease in yield and marked changes in the purification factors. Tem- 
perature should be controlled rigidly during the process. A cooling coil im- 
mersed in the toxin during the addition of methanol or the immersion of the 
toxin in cold baths with the slow addition of alcohol will greatly' aid in main- 
taining the temperature near the freezing point or at —5°. Weston dial ther- 
mometers (stainless steel) make excellent stirring rods in this process because 
the temperature can be easily followed during processing. 

Separation of Fraction T-PI . — In a series of solubility studies, the conditions for the 
separation of the toxin from culture medium products were determined. The general frac- 
tionation method follows. 

One volume of toxin was chilied to 1° and adjusted to the desired pH with ice-cold acetate 
buffer or, in some instances, with acetic arid. To this mixture the calculated amount of 
methanol (measured at —5° and chilled to —20°) was added slowly with constant stirring, care 
being taken to maintain the temperature at —5° or under. The mixture was maintained at 
—5° for 24 hours. At alcohol concentrations above 40 per cent, the temperature was main- 
tained at —10°, while at alcohol concentrations of 40 per cent or under, the temperature was 
kept near the freezing point or at 5°. The precipitate was removed in a refrigerated centrifuge 
at the same temperature as that used during processing. The precipitate was then dissolved 
to the desired volume with 0.15 si sodium acetate of pH 6.8. The solution was clarified by 
centrifugation at 4000 e.p.m. for 20 minutes at 1°, and immediately assayed or stored at —25° 
until needed. 

Pertinent data on the behavior of the toxin in mixtures consisting of culture 
media, methanol, and water under varying conditions of pH, ionic strength, 
and temperature are summarized in Table I. Analysis of these resltus discloses 
the following information. Tetanal toxin is quantitatively precipitated be- 
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tween pH 4.5 and 5.25 in 40 per cent methanol at ionic strength 0.09 and at 
—5°. The highest concentration per milligram of precipitated nitrogen is 
obtained between pH 5.0 and 5.25. Hydrogen ion concentrations greater than 
5.0 lead to the increased precipitation of constituents other than toxin. Hy- 
drogen ion concentrations less than pH 5.25 result in an increased solubility of 
the toxin. Increasing or decreasing the ionic strength under the above condi- 
tions does not affect appreciably the yield or purity. Elevation of the tem- 
perature to 0° in 40 per cent methanol generally results in denaturation of the 


TABLE I 

Precipitation of Tclanal Toxin from Culture Medium in Methanol-Water Mixtures Varying 
in pH at Ionic Strength of 0.09 and at a Temperature of —5°C. 


Conditions 

Lf per mg. N 

Kf 

ii.L.D. per mg. 
N X 103 

Yield of_ 
parent toxin 

pH 

Methanol 


per cent 


trim. 


per cent 

4.5 

40 

226 

, 30 


100 

4.5 

25 

378 

25 

5.0 

70 

4.8 

40 

634 

18 

9.3 

100 

4.8 

25 

487 

20 

7.1 

75 

5.0 

40 

812 

12 

10.3 

100 

5.0 

25 

506 

15 

7.4 

75 

5.15 

40 

862 

10 

10.1 

100 

5.15 

25 

516 

15 

7.2 

75 

5.25 

40 

S83 

10 

10.4 

100 

5.4 

40 

S72 

10 

8.7 

85 

6.0 

40 

207 

30 

4.1 

35 

6.6 

40 

1S3 

30 


20 

Parent toxin j 

6.9 i 

f 

30 

0.068 



* Tested at 50 Lf units. 


toxin. 2 Alcohol concentrations less than 40 per cent generally result in in- 
creased solubility of the toxin. Methanol concentrations greater than 40 per 
cent precipitate inert culture medium products and bacterial proteins. There 
is no evidence that hydrogen ion concentrations between 4 and 7 under the 
present conditions impair the toxin, since the Kf is often shorter than that o 
the parent toxin over the wide pH range. Pigment is precipitated with the 

toxin under pH 5.4. _ 

The above information indicates that separation of the toxin from the cruce 
toxic filtrate occurs optimally at pH 5.0 to 5.25 in 40 per cent methanol at 
— 5°. The charged condition of the toxin has a greater influence on its solu- 
bility than the ionic strength of the mixture. The separation of bacterial toxins 

s Sudi toxins show either an absence or marked retardation of flocculation. 
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differs in this respect from the separation of the plasma proteins in ethanol-water 
mixtures, which depends largely on precise salt- concentrations (19). These 
results compare favorably with those reported for the purification of tctanal 
toxin produced in veal infusion medium (11). It should be noted that a single 
precipitation quantitatively separates toxin containing more than S 00 Lf per 
mg. of nitrogen. Assuming that pure toxin has between 3300 and 3600 Lf per 
mg. of nitrogen, this material is over 20 per cent pure. Tiiis precipitate is 
hereafter referred to as T-PI. The ratio of m.l.d. to Lf units per mg. N is about 
1.2 X 10' and is slightly greater than that of the crude toxin. 


TABLE IT 

Precipitation of Tctanal Toxin from Fraction T-PI in MethanolAValcr Mixtures Varying in 
pH, Ionic Strength, and Temperature 



Conditions 

1 

1 

Lf per rag. 

f 

Kf 1 

i 

1 

U.I..D. per | 

Yield 

from 

T-PI 

pH 

Methanol 

Ionic 

strength 

i 

Temperature 

} 

n;. N X VT- 


fir cent 


i ’C. j 


nin. 


per cent 

3.5 

25 1 

0.057 

! -5 ! 

283 

120 



3.5 

10 I 

0.068 

; -3 j 

212 

120 

; 


4.0 

i 25 

0.057 

i ~ 5 i 

341 

20 

I 1.5 

60 

4.0 j 

10 i 

0.068 

I -3 ; 

364 

1 20 

1.5 

15 

4.5 

20 1 

0.06 

i —5 ! 

812 

15 

9.3 

100 

4.5 

10 

0.068 

i -3 ; 

974 

15 

12.6 

83 

5.0 

20 

0.06 

! “ 5 i 

1113 

12 

18.3 

100 

5.0 

10 

0.068 

i ~ 3 i 

1282 

12 

22.0 

100 

5.5 

25 

0.037 

i ~ 5 

1150 

12 

20.6 

100 

5.5 

15 

0.024 

I ~ 3 

1390 

12 

24.2 

100 

6.0 

25 

0.057 

i ~ 5 

741 

20 

13.6 , 

36 

6.0 

15 

0.064 

! -3 

1122 

15 

20.6 

22 


* Tested at SO Lf units. 


Solubility of Toxic Principle in Fraction T-PI .— Several large lots of crude tetanal toxin 
were processed to fraction T-PI. The initial separation of tetanal toxin from culture medium, 
conducted at pH 5.15 i 0.05 in 40 per cent methanol at —5°, has been found to be reproduci- 
ble for all crude toxins studied here. Fraction T-PI was dissolved to one-tenth of the parent 
toxin volume in 0.15 it sodium acetate. The behavior of this fraction in methanol-water 
mixtures was then observed over a wide range of experimental conditions. The results of 
these studies are summarized in Table EL 

The toxin in fraction T-PI is quantitatively precipitated between pH 4.5 and 
5.5 under appropriate conditions. It is insoluble in 20 per cent methanol at 
pH 4.5, in 10 per cent methanol at pH 5.0, and in 15 per cent methanol at pH 
5.5. The removal of culture medium substances and bacterial impurities re- 
duces the amount of methanol required to precipitate the toxin. " It will be 
noted from the prolonged Kf that pH 3.5 apparently alters the toxin molecule 
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or precipitates degraded toxin or toxoid molecules. Hydrogen ion concentra- 
tions less than pH 5.5 result in increased solubility of the toxic principle under 
the observed conditions. The ionic strength apparently plays little or no role 
in the precipitation of toxin in this step. In view of the above results, the toxic 
principle is reprecipitated at either pH 5.5 in 15 per cent methanol or at pH 5.0 
in 10 per cent methanol, at ionic strength between 0.025 and 0.075, and at a 
temperature of —3° to —5°. These fractions have an Lf content of about 1300 
per mg. of N and about 20 million m.l.d. per mg. of N. The ratio of m.l.d. to 


TABLE III 

Solubility of Tctonal Toxin from Traction T-PII in Methanol-Water Mixtures and Water 
Varying in pH, Ionic Strength, and Temperature 


CondiUons 

Lf per mg. 
N 

Kf* 

HJ..D. per 
rag. N X 10 

Yield 

from 

T-PII 

pH 

Methanol 

Ionic 

strength 

Temperature 


per cent 


°C. 


wm. 


per cent 

3.5 

7.5 

MEM 

-5 


60 


90 

3.5 

5.0 

BH 

0 


60 


90 

3.5 

0.0 

MWM 

0 


60 


90 

4.0 

10.0 

■ 

-3 

mi 

5 


SO 

4.0 

10.0 


-3 

1483 

5 


60 

4.0 

7.5 

0.075 

-3 

20S0 

5 

42.1 

92 

4.0 

7.5 

0.05 

-3 

1562 

5 

31.9 

$6 

4.0 

7.5 

0.025 

-3 

1100 

5 

27.8 

60 

4.0 

7.5 

0.15 

-3 

153S 

15 


92 

4.0 

5.0 

0.075 

0 

1743 



S6 

4.0 

0.0 

0.15 


1320 



92 

4.0 

0.0 

0.075 


1612 



92 

4.0 


0.025 


1612 



S6 


* Tested at 50 Lf units. 


Lf units per mg. of N is about l.S X 10 4 , which is considerably greater than the 
ratio in T-PI. This fraction is designated T-PII. 


Solubility of Toxic Principle in Fraction T-PII . — Fraction T-PII was dissolved to onc- 
twentieth of the parent toxin volume in 0.075 ir sodium acetate. Observations over a wide 
range of experimental conditions revealed that the separation of the toxic principle ns a 
precipitate from the contaminating materials did not materially improve purification. Experi- 
ments were then designed to remove the bacterial proteins as a precipitate while leaving the 
toxin in solution. The results of an experiment with one large batch of T-PII arc given > n 
Table III. All determinations given in this table were performed on the supernatants after 
the removal of the precipitated material. 

It will be seen that most of the tetanal toxin remains in solution between pH 
3.5 and 4.0 under appropriate conditions. Close analysis of the data reveals 
that at pH 3.5, with methanol concentrations of 7.5 per cent or lower, only a 
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slight precipitation of the toxin occurred. The Kf of the soluble toxin, however, 
is markedly prolonged indicating damage to the toxic principle. At pH 4.0 
in either aqueous solution or in methanol up to 10 per cent, a large part of the 
toxic principle remains soluble with a sharp decrease in the Kf, indicating the 
removal of degraded toxin or toxoid molecules. It will also be observed that 
in the absence of methanol at this pH, the degree of purity is lower. For this 
batch of toxin, optimal separation of the toxin from bacterial protein occurs at 
pH 4.0, methanol concentration 7.5 per cent, ionic strength 0.075, at a tem- 
perature of —3°. Increasing the alcohol concentration at this pH results in a 
decreased yield of toxin in the supernatant, and decreasing the alcohol at this 
pH leads to incomplete removal of the impurities. The ionic strength at this 
step is of great importance. Whereas an ionic strength of 0.075 yields a toxic 
solution containing 2000 Lf per mg. of N, decreasing the ionic strength to 0.05 
results in a product 25 per cent less pure. Further decrease of the ionic strength 
to 0.025 leads to a precipitation of toxin, and the supernatant has a purity of 
only 1100 Lf per mg. N. It is interesting that the removal of bacterial proteins 
under appropriate conditions markedly decreases the Kf of the resulting purified 
toxin. 

The step which has just been described is of utmost importance in the puri- 
fication of tetanal toxin. It has been noted that various lots of T-PII behave 
differently at this step. It is, therefore, necessary to ascertain on an aliquot 
of T-PII the optimal conditions for the separation of the bacterial proteins 
from the toxin. While this is a laborious procedure, it is imperative in order 
to obtain unaltered and highly purified toxin. For the adequate removal of the 
inert precipitate from T-PII from twelve different batches of toxin, it has been 
observed that the conditions at this step vary from pH 3.8 to 4.2, from methanol 
concentrations of 5 per cent to 12 per cent, and from 0.05 to 0.15 ionic strength 
at temperatures between 0° and —5°. These fractions are designated T-SHI. 
The ratio of m.l.d. to Lf per mg. of N for these fractions is about 2 X 10 4 . 

Solubility of Toxic Principle in Fraction T-SIII . — Fraction T-SHT was main- 
tained at its freezing point and studies were carried out to remove other con- 
taminants which may have remained in solution during separation of fraction 
T-Sin. It is still desirable to maintain the toxic principle in solution at this 
step. It was noted that the removal of nucleoproteins and other materials 
with low solubility at pH 4.0 allowed the addition of greater concentrations of 
methanol at this pH with little or no precipitation of the toxin. The results of 
these studies are given in Table IV. 90 per cent of the toxin remains soluble at 
pH 4.0 when the alcohol concentration is increased to 30 per cent. Increasing 
the pH leads to the precipitation of the toxic principle. On the basis of these 
studies, fraction T-SIH was adjusted to pH 4.0 and the alcohol concentration 
increased to 30 per cent. After several hours a flocculent precipitate settled 
out. The material was allowed to stand for 24 hours, and the supernatant was 
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collected by centrifugation at -5° and designated fraction T-SIV. This solu- 
tion generally contains approximately 2500 Lf per mg. N. 

Precipitation of Tctanal Toxin from Fraction T-SIV. — Various experimental 
conditions have been employed for the separation of tetanal toxin as a precipi- 
tate from fraction T-SIV. The general procedures employed for the separation 
of fraction T-PII were followed. At this step, high ionic strengths should be 
avoided. It was observed that the precipitation of tetanal toxin at this point 
at ionic strengths greater than 0.025 resulted in irreversible changes in the toxin 
molecule. Furthermore, hydrogen ion concentrations less than pH 6.0 should 
also be avoided in order to retard the spontaneous conversion of tetanal toxin 

TABLE IV 


Solubility of Tctanal Toxin from Fraction T-S1II in Mcthanol-fVatcr Mixtures Varying in pB 


pH* 

Methanol 

Lf per ms- N} 

Yield from T-SIII 


per cent 


per cent 

4.0 

40 

2800 

60 

4.0 

30 

2520 

90 

4.0 

20 

21 IS 

100 

4.2 

25 

2314 

70 

4.2 

15 

19S2 

SO 

4.5 

25 


40 

4.5 

15 


40 

5.0 

25 


10 

5.0 

15 


10 

5.5 

25 


r' 

5.5 

15 




* pH of T-SIII diluted with two parts of water, 
f Supernatants tested. 


to a flocculating atoxic protein. The most suitable conditions encountered so 
far for the precipitation of the toxin at this step arc pH 5.4, 10 per cent meth- 
anol, ionic strength 0.02 at a temperature of — 5°. A large quantity of sodium 
hydroxide is necessary to raise the pH of fraction T-SIV to 5.4. This, of course, 
increases the ionic strength of the solution. In order to avoid local excess of 
salt and hydroxyl ions, the alkali should be added in a dilute form in a methanol- 
water mixture to attain the above mentioned conditions. Tin’s addition should 
be made slowly with constant stirring. The material insoluble under these 
conditions is almost pure tctanal toxin. At times, some crystallization of the 
toxin occurs at tin's step. The precipitate was collected by centrifugation at 
— 5° and was dissolved in 0.075 »r sodium acetate to an Lf concentration o 
about 12,000 per ml This fraction is designated T-PV and usually contains 
approximately 3 000 Lf and 50 million .v.r..D. per mg. of N. _ 

Precipitation of Tctanal Toxin from Fraction T-PV. — Fraction T-P\ , " " c 1 
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is almost pure tctanal toxin, was subjected to varying experimental conditions 
in order to remove traces of impurities prior to the crystallization of the toxin. 
It was found that rcprecipitation of this material at pH 4.9 and ionic strength 
of 0.01 at 0° in the absence of methanol yielded the purest product. Therefore, 
fraction T-PV was diluted with ice-cold distilled water to an ionic strength of 
0.01, the pH was adjusted to 4.9, and the material was allowed to stand for 24 
hours at 0°. This precipitate was genera 11}' amorphous; however, crystals were 
often observed at this step. This fraction was designated T-PVI and was dis- 
solved in 0.05 m sodium acetate to a concentration of about 12,000 Lf per ml. 
This solution contains about 3200 Lf and 60 million m.l.d. per mg. of N. 

Crystallization of Tctanal Toxin .— The crystallization of tetanal toxin from 
fraction T-PVI is dependent on the purity of this fraction. Traces of nucleo- 
protein will interfere with crystallization. Furthermore, if even partial spon- 
taneous detoxification of the toxin has occurred during processing, crystalliza- 
tion is retarded. It is obvious that if the special precautions indicated in the 
above procedures are not followed to avoid denaturation of the toxin, crystalli- 
zation will not be accomplished. 

A number of experimental conditions were employed to achieve crystalliza- 
tion. Tetanal toxin readily forms an amorphous precipitate in aqueous solu- 
tions between pH 4.5 and 5.4 resembling a “euglobulin” in the classical ter- 
minology. However, in very dilute solutions, under these conditions of pH and 
in the presence of optimal concentrations of methanol, the toxin will crystallize 
out of solution. This procedure was employed early in the experimental work. 
While this procedure yields adequate quantities of crystals, it involves the 
handling of large volumes of material and is time-consuming. Attempts have 
been made to establish more practical conditions for the crystallization of 
tetanal toxin. Crystallization of the toxin does not occur readily at a pH acid 
to its isoelectric point. However, if the hydrogen ion concentration is suffi- 
ciently low (between pH 5.8 and 6.2), the addition of alcohol up to 20 per cent 
concentration does not produce an amorphous precipitate. Fraction T-PVT 
was adjusted to a 1 per cent protein solution at pH 6.0, methanol concentration 
of 20 per cent, ionic strength of 0.02, and a temperature of —5°. Crystalliza- 
tion of the toxin occurred within a few' days, and on standing for several weeks, 
a good yield of crystals was obtained. Attempts to obtain crystals at hydrogen 
ion concentrations less than pH 6.0 were not highly successful, since at these 
hydrogen ion concentrations tetanal toxin is readily detoxified. Hydrogen ion 
concentrations greater than pH 6.0 resulted in a precipitate of both crystalline 
and amorphous material. A summary of the degree of purity and yield of 
tetanal toxin at each step is given in Table V. The conditions of pH and 
methanol concentration employed at each step are shown graphically in Fig. 1. 

The crystals obtained can be redissolved in sodium acetate and recrystallized 
under the above stated conditions. The final product can be dissolved either 
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in 0.15 M sodium chloride at pH 5.5 or, for greater stabih'ty, in 0.3 m glycine at 
pH 5.8; This material can be stored at —25°, dried from the frozen state, or 


TABLE V 

Degree of Purity and Yield of Tctanal Toxin at Various Fractionation Steps 

(Average Values) 


Fraction 

Lf per mg. N 

M.L.D. per niff. 

NX 105 

Yield 

Parent 

6-10 

0.06-0.1 

per cent 

T-PI 

800-1000 

10-12 

95-100 

T-PII 

1200-1400 

18-24 

90-100 

T-SIII 

1800-2400 

36-45 

70-S0 

T-SIV 

2200-2600 

> 

70-80 

T-PV 

2800-3200 

40-50 

60-S0 

T-PVI 

3000-3400 

50-60 

50-70 

T-CVII 

3300-3600 

60-70 

10-40 

T-CVII-4 

3300-3600 

60-70 

5-35 



Fig. 1. A schematic diagram of the conditions of pH and methanol concentration at 
different steps of the purification of tetanal toxin. P, toxin precipitated under deseri c 
conditions; S, toxin soluble under described conditions; C, toxin crystallized under desen ct 
conditions. 

maintained at 0° in the presence of 0.3 m: glycine. A photograph of the crystals 
has been published previously (9). 

Properties of Crystalline Tctanal Toxin 

Crystalline tctanal toxin in a 1 per cent solution is pale yellow. . It is ver> 
stable in the presence of glycine between pH 5.0 and 6.0. It is relatively sta > 
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in the presence of neutral salt at this pH. However, hydrogen ion concentra- 
tions less than 6.0 lead to the spontaneous conversion of the toxin to a flocculat- 
ing atoxic protein. 

TABLE VI 


Chemical Composition of Crystalline Tclanal Toxin 



15.7 


0.065 


1.04 






TABLE Vn 

Properties of Crystalline Tclanal- Toxin 


2.8 X 10' 5 


4.5 


-63 

Isoelectric point 

5.1 =b 0.1 

Lf per mg. N 

3600 

Kfso, win 

10 

per mg. N 

6.6 X 10’ 




Fig. 2. Electrophoretic pattern of crystalline tetanal toxin. Time = 18,000 seconds. 

Chemical composition of the toxin is summarized in Table AT. While the 
crystalline toxin gives the usual protein reactions and contains 1 per cent sulfur 
and a trace of phosphorus, it is entirely lacking in carbohydrate. Amino acid 
analyses of the crystalline protein are being conducted by Dr. Max S. Dunn 
and will be reported later. 

Table \ II summarizes the physicochemical character of freshly dissolved 
cr) stalline tetanal toxin. The toxin is electrophoretically homogeneous fFig. 
2) with a mobility of 2.8 X 10 -5 in veronal buffer of 0.1 ionic strength at pH 8.6. 
The optical rotation of —63° differs from the optical rotation of —45° for 
diphtherial toxoid (21). 
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The isoelectric point was estimated from the minimum solubility of both total 
N and the combining activity of the crystalline toxin. The toxin was adjusted 
to different hydrogen ion concentrations with acetic acid at 0.2 pH intervals in 
distilled water at constant volume and at 1°. The results of this experiment 


TABLE VIII 

Solubility of Crystalline Tctaual Toxin in Distilled Water as Function of pFI 


pH* 

Lf precipitated 

Protein N precipitated 


per cent 

per cent 

4.3 

0 1 

0 

4.5 

30 

30 

5.0 

90 

90 

5.2 

90 

90 

5.5 

40 

40 

6.0 

20 

20 


* Determined on supernatants after equilibration with the precipitates for 18 hours at 1° 



Fig. 3. Solubility curves of crystalline tetanal toxin. The protein nitrogen per milliliter 
in solution is plotted against the total protein nitrogen concentration. The solid line is the 
theoretical curve for a solid phase of one component. 

are given in Table VIII. It will be noted tiiat, judged both by N and by com- 
bining capacity, the toxin has a minimum solubility at pH 5.1 ± 0.1. 

As pointed out above, crystalline tetanal toxin, on standing at 0° rapidly loses 
toxicity with no loss in its ability to flocculate with tetanal antitoxin, lhis 
phenomenon complicated the determination of the exact sedimentation constant 
and true constant solubility of the crystalline protein. Inspection of Hg. 5 
reveals that the solubility of the freshly prepared crystalline protein is almost 
constant in 1.4 M ammonium sulfate at pH 7.0 artel acts as though it were essen- 
tially a solid phase of one component. However, on standing for 10 days at 


219 


PIU.EMKR, witti.f.r, burrf.i.t., and grossberg 

0°, at least 50 per cent of the material shows a change in solubility and the solu- 
tion appears to contain two molecular species. This change is accompanied 
by a loss of about 75 per cent of the toxicity of the solution while the flocculating 
capacity remains unaltered. This would indicate that the solubility of freshly 



6.85 
435 1 

D 

a- it— -»■ ii — *- 

ZO 78 140 Minutes 

Fig. 4. Sedimentation patterns of crystalline tetanal toxin after standing for 10 days at 0°. 
D, once crystallized toxin. 6 D, four times recrystallized toxin, 

prepared crystalline toxin is constant and that the changes observed on standing 
are caused by the condensation of the pure toxin. This hypothesis was sub- 
stantiated by the results of ultracentrifugal studies (17). The unavailability 
of an ultracentrifuge in this laboratory at present made it impossible to study 
freshly prepared crystalline toxin. Samples were forwarded to Dr. Dan H. 
Moore, Columbia University, who conducted the ultracentrifugal studies. It 
will be noted that 55 to 60 per cent of the molecules had a sedimentation con- 
stant of 7.0 and the remaining molecules sedimented at 4.5 S (Fig. 4). Immu- 
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nological analysis of these fractions revealed that the toxin was associated with 
the molecules sedimenting at 4.5 S. Both fractions flocculated with antitoxin, 
these results suggest that crystalline tetanal toxin is spontaneously converted 
to a flocculating atoxic dimer. Work will be carried out to determine the mech- 
anism of this reaction. In reviewing the work of other investigators on the 
purification of toxins, little or no reference is made to the possibility that their 
final toxin preparations may have contained toxoid. The spontaneous con- 
version of crude toxin to toxoid (natural toxoiding) is well known. It seems 
highly improbable that the usual methods employed for the fractionation of 
toxins involving dialysis and extraphysiologic conditions of pH, salt concen- 
tration, and temperature would not have caused some conversion of the toxin 
to toxoid. That such a conversion might have taken place is indicated by the 
absence of constant solubility data for purified toxins. The recognition of the 
possibility that toxin may easily be converted spontaneously to a toxoid should 
lead to a better understanding and to more exact physicochemical data on these 
substances. On the basis of the present studies it appears that tetanal toxin 
has a sedimentation constant of 4.5 Svedberg units. 3 

Crystalline toxin is not precipitated by an anti -Clostridium Ic/ani rabbit 
serum. The toxin is almost immediately' detoxified by very small amounts of 
formalin (0.01 to 0.001 per cent). This detoxified material is highly antigenic 
and can be used for immunization. However, the inherent technical hazards 
to personnel during the processing of the toxin makes it advisable to employ 
crude toxoid for the parent material when a purified toxoid is desired. The 
conditions described in the text for the purification of tetanal toxin are the same 
for the purification of tetanal toxoid with the following exception: in the re- 
moval of T-PI the pH should be adjusted to 4.S5 ± 0.05. 

SUMMARY 

Methods for the purification and crystallization of tetanal toxin are described. 
The methods consist of the multiphase fractionation system involving methanol 
as the organic precipitating agent under controlled conditions of pH, ionic 
strength, protein concentration, and temperature. 

Crystalline tetanal toxin has an electrophoretic mobility of 2.8 X 10 m 
veronal buffer of 0.1 ionic strength at pH 8.6. The solubility of freshly pre- 
pared toxin is essentially constant. The isoelectric point is 5.1 ± 0.1. I he 
crystalline toxin contains 1 per cent sulfur, traces of phosphorus, and gives the 
usual protein reactions. It does not contain carbohydrate. 

3 Since this paper has gone to press, samples of crystalline tetanal toxin have been stond 
at 0 ° in the presence of homogeneous human albumin (4.5 S). It has been noted that no 
loss either in the toxicity or in the combining capacity of the toxin occurred after stum me 
for 20days. Ultracentrifugal analysis of this mixture revealed that the sample wasliomogt m. 
ous with a sedimentation constant of about 4.5. This substantiates the view that tetain 
toxin has a sedimentation constant of 4.5. 
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The crystalline toxin docs not precipitate zntl-Closlridiuin ktani rabbit 
serum. The final product contains between 3400 and 3600 Lf and about 
6.6 X 10 7 m.l.d. per mg. N. 

Crystalline tctanal toxin is spontaneously converted to a flocculating atoxic 
dimer upon standing at 0°. This change is accompanied by the appearance of 
another molecular species as judged by constant solubility tests. Ultracen- 
trifugal analysis of these fractions reveals that tetanal toxin has a sedimentation 
constant of 4.5 Svedberg units while the atoxic flocculating dimer sediments 
at 7 S. 
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ISOLATION OF MUMPS VIRUS FROM HUMAN BEINGS WITH 
INDUCED APPARENT OR INAPPARENT INFECTIONS* 
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Many deductions concerning the spread of mumps virus were made from 
clinical and epidemiologic observations before confirmation by laboratory tests 
was possible. The evidence presented by various authors in regard to this 
subject has been critically reviewed by Gordon (1). The following conclusions 
appeared justified on epidemiologic grounds: (a) The average incubation period 
of typical mumps was shown to be 18 days. The disease was found to become 
communicable about 48 hours prior to the onset of glandular enlargement and 
the period of communicability to last for several days following the appearance 
of signs of illness, (b) Cases of unusual manifestations of mumps, such as 
primary meningoencephalitis or primary orchitis in the absence of recognized 
involvement of the salivary glands, could be properly classified only if they 
occurred in institutions or families where typical mumps was prevalent. It 
was shown, on occasion, that these patients were able to transmit mumps to 
contacts, possibly because of the presence of virus in their saliva at some stage 
of the infection, (c) Inapparent infections with mumps virus were thought to 
be frequent, since in spite of the prevalence of the disease only about 60 per cent 
of the adult population of the United States had suffered clinical attacks. It 
was also inferred that such inapparent cases of infection might spread the virus 
to susceptible individuals, thus maintaining the chain of infection in an epi- 
demic. 

With the development of laboratory tests for the diagnosis of infections with 
mumps virus (2, 3) and of technics for the isolation of the agent in chick embryos 
(4, 5), it has become possible to confirm many of the earlier observations by 
more direct proof. Thus, the existence of inapparent infections and their 
relative frequency has been demonstrated by application of complement 
fixation tests (2, 6, 7). By the same means, the diagnosis of unusual mani- 
festations of mumps has become a routine matter (8, 3). Virus has been 
isolated from the saliva of cases of parotitis as late as 6 days after onset of 
disease (9). It has also been demonstrated in the spinal fluid of patients with 
meningoencephalitis without salivary gland involvement (10, 11). 

* These studies were supported by a grant-in-aid from the United States Public Health 
Service. 
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The present paper is concerned with the isolation of mumps virus from the 
saliva of human beings at various stages of infection. It was considered 
difficult to approach these problems under epidemic conditions since frequently 
the time and intensity of exposure would not be accurately known, whereas the 
study of cases experimentally exposed to mumps virus offered the advantage of 
controlling both these factors. The results obtained under such experimental 
conditions afford evidence that the period of infectivity of cases with involve- 
ment of the salivary glands may begin as early as 6 days prior to onset of recog- 
nizable glandular swelling, and may last for more than one week. It will also 
be shown that a patient with orchitis without salivary gland involvement 
harbored mumps virus in his saliva at some time prior to the development of 
symptoms. Finally, it will be demonstrated that cases of inapparent infection 
may excrete virus in saliva for considerable periods of time and that they may 
be responsible for spreading the disease in an epidemic. 

Methods and- M atcrials 

Selection of Susceptible Subjects . — Institutionalized children in good physical condition and 
without known histories of mumps were bled and their sera tested for antibodies against mumps 
complement fixation antigens. Those children whose sera failed to react with the soluble and 
the virus antigens (12) were considered susceptible to mumps and, therefore, chosen for these 
experiments with the permission of parents and guardians. 

Virus . — Two strains of mumps virus (F and B) were used. They had been isolated from 
the saliva of cases of parotitis by amniotic inoculation of chick embryos (13). Amniotic 
fluid of the fifth passage was quick frozen and stored in glass-sealed ampules in a dry-ice cabinet 
until used. The preparations of both strains contained 10 7 50 per cent infectivity doses for 
chick embryos per ml. and 5000 (F) and 7500 (B) kemagglutinating units. 

Isolation of Virus from Saliva . — Saliva or mouth washings were obtained in the first experi- 
ment, depending on the ability of the children to furnish saliva. In the second experiment 
saliva was mechanically aspirated by means of a device consisting of a thin bent copper tube 
leading into a glass trap which was in turn connected with an electrically driven suction pump. 
Individual equipment was used for each child. The specimens were immediately transferred 
into ampules which were sealed off in an oxygen flame. After quick freezing the ampules 
were transported to the laboratory packed in dry-icc. They were stored at — 70°C. until 
inoculation of chick embryos was possible. 

Before injection the specimens were thawed and centrifuged at 2000 k.p.m. for 10 minutes. 
The supernatant fluids were incubated at 37°C. for 1 hour with penicillin and streptomycin, 
using 1000 units of each per ml. The specimens were injected in 0.2 ml. amounts into the 
amniotic cavity of ten S-day-old chick embryos, under direct observation as described previ- 
ously (12). After further incubation for 5 days at 36-37°C. the eggs were chilled for 1 to 
hours at 4°C. and the amniotic fluids were harvested as optically. These were tested in< >' 
vidually on slides for their ability to agglutinate chicken red cells. Further transfers were 
made by injecting undiluted amniotic fluids into new groups of eggs. A specimen of sn n» 
was considered negative if three amniotic passages failed to indicate the presence of virus. 

For the identification of the isolated strains of virus pools of amniotic fluids of the respective 
groups of eggs were used as antigens for complement fixation tests with known acute nn( 
convalescent sera of patients with mumps. In all cases tested the agent isolated was identi ict 
as mumps virus. 
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Serologic Teels .— Blood was drawn from all individuals at intervals to study the develop- 
ment of complement-fixing antibodies. The technics and the antigens employed have been 
fully described in previous communications (3, 12). 


EXPERIMENTAL 

Two experiments were conducted with a total of 15 children. The experi- 
ments differed in regard to the amount of virus to which the subjects were 
exposed and the method by which it was applied. In all other respects the two 
tests were essentially alike. Before exposure to the virus the children were 
isolated in a hospital ward where they remained for the period of observation, 
under the care of trained nurses. Their temperatures were recorded twice 
daily, and 4 times daily in cases in which fever was observed. Beginning 2 
weeks after exposure the children were examined daily for signs and symptoms 
of disease by one of the authors, except for a few occasions when adverse 
weather conditions rendered the institution inaccessible. 

Experiment 1 (November, 1947). — Seven children were exposed to active mumps virus 
which was deposited by means of a coarse spray on the mucous membrane of the oral cavity, 
particularly close to the orifices of Stensen’s duct. Four of the children received 2.0 ml. of 
amniotic fluid containing strain F, and three children were infected with the same amount of 
strain B. The amount of virus sprayed for each child corresponded to 2 X 10 7 IDso for chick 
embryos in the case of both strains. 

Experiment 2 (January, 1948). — In the second experiment, eight subjects were exposed to 
finely dispersed virus, by means of an atomizer, 1 operated by compressed air. Thus the 
children inhaled small droplets and droplet nuclei through their mouths. A mixture of equal 
parts of strains F and B was employed. Four of the subjects were exposed to a spray of 1.0 
ml. of a 1:100 dilution of infected amniotic fluid, containing 10 s IDso for chick embryos, and 
the remaining children inhaled 1.0 ml. of undiluted fluid containing 10 7 IDjp. 

Since the clinical observations and the laboratory findings of the two experiments were 
similar, they will be discussed together. A summary’ of all the data is presented in Figs. 1 
and 2. 

Clinical Obseroalions . — As can be seen from the figures, four of the fifteen 
children came down with a clinically well defined parotitis (cases 2, 7, 11, and 
12). Two additional cases (Nos. 1 and 5) showed signs of involvement of the 
submaxillary glands. Case 6 developed orchitis without parotitis. One case 
(No. 15) came down with tonsillitis and palpable lymph nodes 17 days after 
exposure to mumps virus. The purulent exudate and the high temperature 
suggested an intercurrent bacterial infection, which was promptly relieved by 
chemotherapy. The additional seven children (cases 3, 4, 8, 9, 10, 13, and 14) 
remained well during the period of observation except for minor febrile re- 
sponses. The significance of these elevations of temperature is questionable. 

The incubation periods fell into the range encountered in the epidemic dis- 
ease. The first case of parotitis (No. 7) was observed on the 14th day after 

1 Kindly supplied by the Vaponefrin Company, Upper Darby, Pennsylvania. 
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exposure; the remaining three subjects showed signs of parotid swelling on the 
15th » 16th > and 19th day after infection (cases 11, 12, and 2). Submaxillar 





0 - 9 11 13 15 17 19 21 25 23-36 

— Days after Exposure 

9 - Parotitis 

S * Subrr: axillary swelling 
OR = Orchitis 
«-— • * Antibody ttter vs. 

soluble antigen 
' — 0 « -vs. virus antigen 


■Uatis after Exposure— 

Fjg. 1 . Experiment 1. Summary of results 


involvement was noted on the 17th and 20th day in cases 1 and 5. Case 6 
developed orchitis on the 25th day after spraying of the virus. 

The clinical course in ail patients with involvement of the salivary glands 
was mild and the swellings subsided within 4 to 5 days. The orchitis affected 
only one of the testicles. This case, likewise, was very mild and lasted for 4 
days. It responded to conservative treatment and the pain was rapidly re- 
lieved by analgesics. The general mildness of the illnesses produced is re- 
flected in the moderate febrile responses recorded in Figs. 1 and 2. 
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Serologic Results . — Complement fixation tests were performed with sera taken 
from all children at intervals during the course of the experiments. All cases 



Fig. 2. Experiment 2. Summary of results 


o showed signs of infection developed antibodies to the soluble (S) as well as 
to the virus (V) antigen in a manner described for the epidemic disease (3) 
Teanhbodies to the soluble antigen commenced to rise in less than 2 weeks 

anSen atT; ° ^ skwed ako appreciable titers to the virus 

bo£iri '* , U ' and 12 }- Thus ’ hoth anti-V and anti-S anti- 

showeri f w ; CaC - 6 evek before signs of disease were noted. All cases 

d further mcreases in antibodies in the following 2 weeks. 
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The eight children who failed to exhibit signs of mumps showed antibody 
responses similar to those of the children who developed clinical illness. These 
cases must be classified, then, as inapparent infections. The rate of antibody 
formation against the V antigen was somewhat delayed in three of the children 
(cases 5, 13, and 15). 

Isolation of Virus . — Series of specimens of saliva were thus available from (a) 
six patients with involvement of the salivaiy glands; ( b ) one patient with a 
manifestation of mumps without salivary gland involvement (orchitis); and 
(c) eight subjects who were classified as having inapparent infections according 
to their serological response. This group includes the patient with tonsillitis. 


Isolation of Virus from Cases of 
Apparent and Inapparent Infection 


Case 

no. 

2 

Z 

21 

22 


0 VIRUS ISOLATED 
O NO VIRUS ISOLATED 
* SPECIMEN LOST 
-f-ONSET OF DISEASE 


VIRUS 


Strain 

F 

B 

F+B 


ID %i. 


10 


, 1-3 


l0 , ’O 

W 50 


Clinical 

signs 

PAROTITIS 


Patjs after Exposure 


30 

-I 1 1 


12 


24 

-f-H 


26 15 


20 22 


o-*— x o-e> 

-o-e-o-o-«-*4 o-o 


— o-o-^-o— •— o- 
— O- 


24 
I — I— t- 


F 

B 


10 7 * 


9UBMAY1U. 

swelling 


ORCHITIS 


3 
8 

20 

23 

24 
15 

4 
9 


F 

F+B 


B 

F+B 


10 ' 


5-0 


10 


10' * 
10 70 



Fig. 3 


Figs. 1 and 2 show the attempts and successful isolations obtained from each 
of the subjects in relation to clinical and serological findings. Fig. 3 summa- 
rizes the result of the isolation procedures, grouped according to the clinical 
signs of infection seen in the children. The positive findings require no com- 
ment. The negative data, on the other hand, do not necessarily indicate that 
no virus was excreted on the day the specimen was obtained. As can be seen, 
negative results were recorded in some instances in which the specimens of the 
preceding and following days were positive. It is possible that the technic of 
sampling of the saliva was inadequate or that the excretion of virus occurred 
intermittently. The collection of specimens was unfortunately less regular in 
the later days of the two experiments because of snow storms, which prevented 
traveling to the institution on several occasions. Attempts to isolate virus on 
the 1st and 2nd days after exposure failed. Later in the experimental period, 
as can be seen in Fig. 3, all children who showed clinical signs of parotitis or of 
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submaxillary r swelling excreted virus for several day's. In all these cases, virus 
was isolated 2 to 6 days prior to the appearance of swelling, beginning at the 
11th to 15th day after spraying. Virus was also demonstrated in some of the 
samples of saliva taken after onset of the disease. Thus in case 7 virus was 
still present on the 4th day of illness. 

Isolation of virus was not only' successful in the cases just described but also 
from the saliva of the case of orchitis, who showed no involvement of the 
salivary' glands. Virus was found on the 15th and 16th day's after exposure to 
mumps virus, t.e., 10 and 9 days prior to the onset of orchitis. In addition, 
virus was isolated from the saliva of six of the eight children who experienced 

TABLE I 


Isolation of Virus from the Saliva of Representative Cases 


■ 

a 

Pas- 

sage 

No. 

Time after exposure, days 

Period of 
excretion 

n 

13 

11 

15 

16 

17 

1 

E9 

22 

24 













lays 


i 

0/8* 


0/9 

3/6 

0/8 

3/6 

6/6 

! 

0/8 


\ 



I 0/5 


0/8 

6/6 


6/7 



0/7 





■ 


8/8 


0/6 | 


1 




At least 5 


i 

1 

0/6 

0/6 

0/6 

0/6 

+ 

+ 

0/3 

0/6 




12 

2 

0/7 

0/6 

1/6 

WUMM 

6/6 


0/6 

ESI 


0/8 



3 

0/8 

0/4 

6/6 

j 0/7 



0/8 

| 0/8 


0/8 

3-4 


Bold-faced type is used to emphasize the positive isolations, 

* None of eight eggs showed positive hemagglutination on 5th day after inoculation. 
Two of the ten originally injected embryos died of non-specific causes during the incubation 
period. 

t All embryos died on account of bacterial contamination. 

inapparent infections (cases 3, 8, 10, 13, 14, and 15) at about the same time as 
from the clinical cases of mumps. As shown, virus was isolated from these 
children for periods of 1 to 9 days. Only children 4 and 9 failed to reveal virus 
in any of the available specimens. 

These data show then that virus could be isolated from thirteen out of fifteen 
children exposed to mumps virus under experimental conditions. Table I 
gives the results of the isolation of virus in two of the children. As can be 
seen, some of the specimens of saliva yielded, on first passage in the majority 
of the injected eggs, sufficient concentrations of virus to cause hemagglutina- 
tion.. With other samples two, or in one instance even three, passages were 
required before positive results were obtained. A specimen which failed to 
yield hemagglutination by the third passage was considered free of virus. The 
allantoic fluids of these eggs never showed hemagglutinating properties. The 
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death rate in chick embryos inoculated with bacteriologically sterile saliva was 
frequently high. In other instances the antibiotic failed to inhibit bacterial 
multiplication and a few entire groups of eggs were lost because of such con- 
tamination. 


DISCUSSION 

It is obvious that no quantitative and statistically valid conclusions can be 
drawn from the data presented, since these were derived from only a small 
number of cases of induced infection with mumps virus. However, the data 
confirm experimentally some of the earlier conclusions deduced from epi- 
demiologic observations (1). Thus, the incidence of inapparent infections in 
mumps has been estimated to be of the order of 30 to 40 per cent. Serological 
analysis of epidemics in recent years has confirmed this contention in that a 
high percentage of exposed subjects developed complement-fixing antibodies 
for mumps in the absence of clinical signs of infection (2, 6, 7). The experi- 
mental exposure leads to similar results. In the present series, eight of the 
fifteen exposed children must be classified as having had inapparent infections. 

The period of communicability of the experimental cases showing involve- 
ment of the salivary glands began, according to the results of isolation of virus, 
on the 11th to the 15th day after exposure and extended to the 18th to 19th day. 
Thus, virus appeared in the saliva 2 to 6 days prior to the appearance of 
glandular swelling, and it was found as late as 4 days after onset of the clinical 
signs. Leymaster and Ward (9) obtained virus from one case of epidemic? 
mumps on the 6th day of disease. It is possible that the experimental results 
are strongly influenced by the intensity of exposure. A smaller dose of virus 
(< 10 5 ID bo) might conceivably delay the onset of viral excretion for a few days, 
as well as prolong the incubation period. 

Most of the children who failed to show clinical signs of involvement of the 
salivary glands nevertheless excreted virus in their saliva at certain times after 
exposure. One of these developed orchitis at a later 'stage. It had been 
shown in the past on epidemiological grounds that such cases of unusual mani- 
festations of mumps, including meningoencephalitis without parotitis, may 
spread the infections to susceptible individuals (14, 15). 

The isolation of virus from the cases of inapparent infection was successiul 
over a period of from 15 to 24 days after exposure. They became “transitory 
carriers” for from 1 to 9 days or longer. Unfortunately, no specimens of saliva 
were collected after the 24th day. However, there are strong indications that 
one of the children of the second experiment, classified as having inapparent 
infection, was still harboring the virus on the 30th day after exposure, when the 
group were released from the hospital and returned to their cottage. Between 
15 and IS days thereafter, four cases of parotitis occurred in that cottage in 
children not belonging to the group. Although there is no definite proof that 
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the virus was derived from one of the returning children, the possibility camiot 
be denied, because of the time relationships encountered. Whether the virus, 
if introduced by one of the children, was spread through the saliva, or whether 
it was present on contaminated clothing cannot be determined in this case. 
However, transmission by contaminated apparel has generally been disregarded 
as a source of infection (1), 

It appears, then, that the virus used for experimental exposure closely re- 
sembled the epidemic agent and had not become attenuated to any large extent 
as a result of five passages in the chick embryo. The data, in addition, seem 
in good agreement with the earlier epidemiologic observations. However, 
certain differences were noted in the rate of production of antibodies in the 
experimentally exposed subjects in comparison with cases observed under 
epidemic conditions. In the natural disease antibodies to the soluble antigen 
may be present at the onset of swelling, or they rise very" shortly thereafter; 
antibodies to the virus antigen usually appear in measurable quantities several 
days later, when antibodies to the soluble antigen have reached high levels. 
Only in the case of complications, such as orchitis, may high titers to both 
antigens be found at the time of their onset. On the other hand, in the experi- 
mental groups, distinct antibody levels for both antigens were found in the cases 
with involvement of the salivary glands, several days before clinical signs of the 
disease, with the exception of one patient who showed a low titer with the virus 
antigen at the time of the submaxillaiy swelling. The patient with orchitis bad 
high antibody levels 10 days before he showed signs of illness, and subsequently 
a second rise in antibodies to both antigens was found. It is possible that the 
findings described are the result of the rather intensive exposure under experi- 
mental conditions since most of the children were sprayed with 10 7 ID so (for 
chick embryos). When the dose was decreased to 10 5 HDso the antibodies to 
the V antigen appeared at a slower rate in two of the three cases who were 
classified as inapparent infections (cases 13 and 15). 

There does not seem to be a relationship between the development of comple- 
ment-fixing antibodies and the excretion of virus in saliva in the cases described. 
With the exception of case 3, whose antibody levels were the lowest in the two 
groups, antibody" titers to the soluble antigen were high and, in some cases 
antibodies to the virus antigen were measurable in large amounts when virus 
was isolated from the saliva. The relationship between complement-fixing and 
neutralizing antibodies has not been fully established. However, preliminary 
experiments with sera of some of the cases revealed that neutralizing antibodies 
were circulating in the blood stream at a time when ■virus was found in the 
saliva. It seems possible that after the virus has invaded the salivary glands 
it is no longer accessible to humoral antibodies unless they" reach such high con- 
centrations in the blood as to be reflected in the secretions. Such a situation 
v. ould not be unlike that observed in the case of infections of man with influenza 
virus. These questions will be the subject of further studies. 
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SUMMARY 

Exposure of fifteen children to mumps virus of fifth amniotic passage in 
chick embryos led to involvement of the salivary glands in six, orchitis in the 
absence of other manifestations of mumps in one, and to no signs of illness in 
eight. Attempts to isolate virus from the saliva of these individuals gave the 
following results 

1. All patients with involvement of the salivary glands excreted virus 
beginning on the 11th to 15th day after exposure, 2 to 6 days prior to onset of 
clinical signs of disease and extending up to the 4th day of illness. 

2. The patient with primary orchitis without an}'- recognized involvement of 
the salivary glands excreted virus for 2 days, beginning on the 15th day after 
exposure and 10 days prior to his illness. 

3. Six of the eight children classified as having inapparent infections because 
of their serologic response in the absence of clinical signs of illness, began to 
excrete virus on the 15th to 16th day after exposure for from 1 to 9 or more 
days. 

The epidemiologic significance of these data is discussed. 
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Electron microscope studies of purified preparations of the virus of Newcastle 
disease have shown that this virus has a filamentous to sperm-like form when 
dried from saline suspensions (1, 2). If, however, the virus is suspended in 
water and then dried from this suspension, it has a roughly spherical form, 
which corresponds to its appearance in the original allantoic fluid (3). An 
apparent conversion from the spherical form in water to the filamentous form 
has been brought about by the addition of saline to make a 0.07 to 0.15 si 
solution (3). The change in shape revealed by electron microscopy was brought 
about without any detectable change in activity of the suspension. Two 
questions must be answered before these observations can be assigned any basic 
significance, (a) Could the lack of a detectable change in activity be merely 
due to inadequacies in the methods of measuring activity? In other words, 
might we destroy 95 per cent of the virus by the procedure which changes its 
shape, and not detect this loss of active virus particles? ( b ) Does this change 
in shape on transfer to saline represent a change which occurs within the solu- 
tion, or is it merely the result of drying from different solvents? Some experi- 
mental evidence against this latter possibility was previously mentioned (3), 
but more work needs to be done. 

We attempt in this paper to evaluate the methods of determining activity 
(embryo infectivity) and conclude that the changes in shape of the virus cannot 
be accounted for on the basis of disintegration. 

The determination of the 50 per cent mortality or infectivity end-point (4) by 
means of chick embryos has been in use for a number of years, but very few reports 
have been made on the accuracy of the method used. Indeed, there is no statistical 
study available which attempts to estimate the expected probable error with a given 
number of animals and a given titration end-point slope. 

In a limited number of duplicate titrations of Eastern equine encephalomyelitis, a 
variation of as much as 0.6 log was found between two duplicate titrations (5), using 
five embryos in each of three dilutions. In a more extensive evaluation of the 50 per 
cent infectivity measurements for influenza virus in the embryo, Knight (6) found 
that the chances were 19 out of 20 that differences in end-points of 0.62 logarithmic 
u nits vv ere significant. 1 This means that more than 75 per cent of the infectiousness 

1 Five embryos in each dilution. 
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of a preparation must be destroyed before' the odds are as much as 20 to 1 that any 
decrease at all can be stated to have occurred. The accuracy is, of course, increased 
by increasing the number of embryos used. 

The consistency of results obtained by Sigurdsson (7) when measuring the rate of 
multiplication of vesicular stomatitis virus in 10~day-old embryos would indicate a 
roughly similar accuracy for this virus when titered on 7-day-old embryos. Similar 
consistent results have been obtained in measuring the concentration of equine 
encephalomyelitis after 23 hours’ inoculation (5). 

It is, however, at present impossible to predict the accuracy of the method for a 
new virus infection since the sharpness of the end-point in itself would influence the 
accuracy of the determination. Quantitative determinations of the sharpness of the 
end-point, or end-point titration curves are available for only a few animal viruses 
(8-1 1) and those not on the embryo. 

In a later paper in this series it is shown that infection and death of the 
embryo are produced by a very few particles of Newcastle virus (12). By use 
of the theory of random distribution of particles as outlined in the Poisson 
theory, it is possible to draw a theoretical curve for the expected number of 
infectious units needed to produce infection. This may be illustrated by two 
extremes. If one unit is capable of producing infection and a solution contain- 
ing just enough material to produce infection is diluted then the inoculation 
to ten times as many embryos with this dilution produces the same total number 
of infections. If, however, it is necessary to add 1000 infectious units to an 
embryo to initiate an infection, and a drop of a given suspension contains this 
much, an equal portion of dilution would rarely have sufficient particles in it 
to initiate infection. Therefore, the next tenfold dilution would almost always 
be negative. 

These considerations are raised here because they have direct bearing on the 
accuracy of the method. Fig. 1 shows that the points obtained w r ith small 
dilutions of the virus best fit a one particle (infectious unit) curve. This does 
not prove that infection is produced by one unit, but is of practical importance 
in demonstrating the difficult} 1- in using an end-point other than the 50 per cent 
end-point. 

Materials and M clhods 

Virus. — The strains of Newcastle disease virus used in this scries of studies arc as follows: 

(1) Strain B isolated from a natural outbreak by Dr. F. R. Beaudcttc of the New Jersey 
Experiment Station; (2) strain XV isolated by us from a natural outbreak of the disease in a 
flock of chickens in Bound Brook, New Jersey; (3) strain Np isolated by Dr. J. R. Beach in 
California; (4) Cgl79, a laboratory passage virulent strain also isolated by Dr. Beach in 
California. This strain differs from the others in that it is able to kill 3-niontli-old chickens 
in high dilutions following intramuscular inoculation and agglutinates red blood cells poorly. 
Neutralization tests on embryos with strain \V against classical sera furnished by Dr. Brandley 
demonstrated the immunological similarity. Intramuscular injection of chickens with strain 
B immunized chickens to CglT9, and agglutination inhibition tests with convalescent sera 
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from recovered birds inoculated with Cgl79 showed the cross-relationship. All four strains 
ate characterized by a filamentous shape when dried from salt solutions (1), produce a high 
titer of infectivity in the allantoic fluid of embryos, kill the embryo in 2 to 3 days, and often 
produce a characteristic hemorrhagic pattern which involves the brain and feather follicles. 

Method of Titration ,— Suspensions of virus were titered after preliminary low speed cen- 
trifugation at 5,000 R.r.u. for 5 minutes. Serial tenfold dilutions were made in lubes con- 
taining 4.5 cc. of cold buffered saline which had been kept at refrigerator temperature just 
prior to the titration. Immersion in ice water was omitted because of the stability of this 
virus. Ten to 12-day-old embryonated eggs opened by making a window in the side of the 
shell were inoculated with 1 drop of the dilute suspension. All eggs were obtained from the 



Fig, 1. End-point titration curve of Newcastle virus. Points on this curve were obtained 
by inoculation of ten embryos at each dilution. A 50 per cent end-point was calculated. 
The actual per cent of embryos surviving at a given log dilution above or below this calculated 
end-point is plotted against the log difference between the calculated 50 per cent end-point 
and the dilution inoculated. Symbols of the same kind represent one experiment. We have 
combined the results of five experiments to obtain the data. The solid curve is the theoretical 
curve for infections produced by one infectious unit. The dotted curve is for three units. 


Rockefeller Institute stock which has been repeatedly found free of Newcastle disease as 
shown by the lack of immunity demonstrated by red cell agglutination inhibition tests and 
inoculation of virulent strains of the virus. 

Embryos were usually incubated at 35° after inoculation (see below) and the occasional 
embryo dying within the first 12 to 18 hours was considered as killed by trauma and was 
discarded. With dilute suspensions of virus, death of the embryo begins about 2§ davs 
after inoculation and may continue through 3 or 4 days. Incubation at higher temperatures 
produces more rapid multiplication of the virus and consequently a more rapid death All 
surviving embryos were kept for 6 days after inoculation before discarding. 

Smears were made as routine from dead embryos for microscopic examination to eliminate 
the occasional death occumng from accidental contamination. Previous work with gono- 
coccus prophylaxis m embryos (13) has shown that this method picks up the great majority 
o.uchmfections However in critical experiments, blood plate cultures were also made 
: of Newcastle disease agglutinates red cells, we usually checked the ability of 

2vem l d-m C n , , embryos used in a titration to do this. There are, however, 

several dualities involved. First, concentrated suspensions of unpurified vims often show 
a prozone effect possibly due to an inhibitor in the allantoic fluid. lherefore,Tis n^iry 
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to check two or three tenfold dilutions of the allantoic fluid before stating that it is negative. 
Secondly, different strains vary in their ability to agglutinate. Strain Cgl79, our virulent 
laboratory strain, is a poor agglutinator producing irregular agglutination of chicken red cells 
only up to dilutions of 1/100 or so. Thirdly, embryos inoculated on the chorioallantoic 
membrane do not always develop sufficient virus in the allantoic fluid to agglutinate red cells. 
Thus, we cannot consider deaths which occurred at the right time and in the absence of bac- 
teria, as not being due to Newcastle virus if they did not show red cell agglutination. How- 
ever, several of the five embryos in a dilution would usually, if they died, have sufficient virus 
to agglutinate chicken red cells, and we could therefore conclude that the virus was present 
in that particular dilution. 

It is well to emphasize that similar accuracy to that obtained here cannot be expected if 
the source of embryos is not from a clean flock of chickens, and if the above considerations 
are not taken into account. Particular care should be taken to demonstrate that deaths 
from other causes not following inoculation are not occurring in the eggs between the 10th 


TABLE I 

Duplicate Titrations of Various Suspensions 
50 per cent end-point mortaliti'. 3 dilutions — 5 embryos each dilution 


Virus 

Duplicate titers 


Titer 1 

Titer 2 

Difference 

B — allantoic fluid 

10-L4 

10-7.2 

-0.2 

B— “ " 

10-8.7 

10-8.B 

-0.1 

Cgl79 — " “ 

10-8.5 

10-8.4 

10-8.0 

-0.1 

Ctrl 79— “ “ 

10-7.8 

+0.2 

B— “ “ 

10-8.7 

10-S.5 

-0.2 

B — embryo suspension 

10-5.D 

10-5.S 

-0.4 

23 — purified preparation 

10-7.0 

10-7.8 

-0.2 


10-7.8 






and 18th days of incubation. This may be a common source of error when using eggs bought 
on the open market. 


RESULTS 

Table I presents the results of duplicate titrations on different preparations 
carried out during the course of our investigation. None of these seven tests 
differed from the duplicate by more than 0.4 log. We therefore believe that a 
difference of 0.6 log is probably significant and of 1.0 log almost certainly sig- 
nificant. This would mean that we probably could detect a loss of 75 per cent 
of activity and almost certainly a loss of 90 per cent activity. A variety of 
other factors might be of significance in titering Newcastle virus in the embryo 
and we here present data bearing on some of them. 

Temperature . — It has been shown for a number of viruses that the optimum 
temperature range is fairly narrow. For influenza it is about 35-36°C. This 
suggests that titrations might better be carried out at that optimum. How- 
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ever, the optimum temperature range for growth of Newcastle virus seems to 
be much greater (14). The efiect of different temperatures of incubation after 
inoculation of the embryos with the definitive dilutions was studied by perform- 
ing titration as usual, but ten instead of five embryos were inoculated at each 
dilution. One-half of the embryos in each dilution were incubated at one 
temperature and the other half at another. The 50 per cent end-points were 
calculated separately and are compared in Table II. 


TABLE II 

Eject of Temperature of Incubation on Titer Obtained from Same Preparation of Virus 


Age of embryo used 

Temperature of incubation 

35’C. 1 

src. 


10-6.5 ! 

10-6.3 



io-*- 5 

10 -6. 7 







TABLE m 

Effect of Route of Inoculation on Titration Results 


1 

Virus 

On chorioal- 
lantoic 
membrane 

In allantoic 
sat 

In amniotic 
sac 

In yolk 

Cgl79 

io- 8 - 2 

Still; 



Cgl79 6-day-old fluid 

10~ 7 - 3 

io- 8 - 2 

J0-8g 


B strain suspensionembryo 

10 -6 - 7 

msm 


B strain allantoic fluid 

io- 9 - 5 

IO -9 - 6 



B strain concentrated 

io- 9 - 2 



B strain 46 hr. growth 

JO-65 



JO-9.6 


io- 7 - 5 



J0-5.8 





Route oj Inoculation . — With different strains of mumps it is necessary to 
introduce the inoculum by different routes to get the highest degree of takes 
(15). The virus of swine influenza is likely to kill the embryo if injected into 
the allantoic sac (16), but if inoculated by itself on the chorioallantoic mem- 
brane, relatively few of the embryos die (17); many throw off the infection and 
survive. It might therefore be expected that the route of inoculation would 
play some role in determining the 50 per cent end-point. A number of tests 
were made, again by inoculating the same dilution fluid by different routes into 
several series of embryos. 

Table HI shows the results from a series of such tests. 

The inoculation on the chorioallantoic membrane was performed by first lowering the 
membrane through an artificial window in the side, then dropping 1 drop of the dilution tested 
on the membrane, and sealing with scotch tape. Allantoic inoculation was usually performed 
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by injection of about 0.05 cc. through a small hole in the otherwise intact egg with a short 
hypodermic needle. Amniotic inoculation was by direct inoculation with the visualization 
of the amniotic sac through an artificial window in the side. A pair of fine forceps held the 
edge of the amnio tic membrane. Yolk sac inoculation was by a long needle (1 ^ inches) inserted 
through the blunt end of the egg. 

Table III shows that there is no consistent difference between the methods of 
inoculation and that they all yield comparable results. This is in agreement 
with other recent reports (18). We continue however to prefer for this virus 
the inoculation on the chorioallantoic membrane because we believe that this 
method allows a more careful check of accidental deaths and gives slightly more 
consistent results. 

Effect of Age of Embryo . — The effect of the age of the embryo used in measur- 
ing virus activity was studied by inoculating the same dilutions on two sets of 


TABLE IV 

Influence of Age of Embryo Used in Titration on the Calculated 50 Per Cent End-Point 


Experiment No. 

Age, days 

10 

11 

13 

U 

IS 

16 

' -1 

2 

3 

4 

fO-8.3 

10-6.6 

10-9.2 

10-L8 

10-8.3 

10-6.6 

10-7.6 

| io - 8 - 3 

10-7.8 


embryos (chorioallantoic membrane) of different ages. The results of this are 
shown in Table IV. All inoculations included in this table were with strain 33. 

Three of the four experiments failed to show any effect of the age of the 
inoculated embryo. The fourth did show a probably significant effect of age. 
We, therefore, prefer 10- or 11-day embryos for titrations, but 12-day embryos 
may also be used, and when used in these experiments their use has been so 
specified. 

Effect of Red Blood Cells . — Several of the viruses which agglutinate red blood 
cells are absorbed on the chick red cells in large amounts. It might, therefore, 
be expected that accidental contamination of the fluid with red blood cells 
during harvesting would considerably affect the titer obtained. However, 
actual tests indicate that at room temperature a minimum amount of virus is 
absorbed. In order to give a maximum chance for absorption the following 
experiments were done with the B strain which is a good agglutinator. The 
allantoic fluid virus was diluted to -j-cnr an d to this a sufficient amount of red 
blood cells to make a 1 per cent suspension was added. Since agglutination is 
better at ice box temperature (19), the virus suspension with red cells was 
placed in the refrigerator for varying periods of time. The chicken red cells 
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were then spun down and the supernatant fluid titered for virus activity by 
inoculation of serial tenfold dilutions. Controlswere similarly treated except 
for the absence of red blood cells. The results are shown in Table V. 

There is a consistent reduction in the embryo infectivity. This reduction is 
only occasionally statistically significant. These results would agree with 
those of Florman in indicating absorption of the virus on the red cell, but indi- 
cate clearly that a few red cells gaining entrance into the allantoic fluid when 
harvesting are not an important source of error. 


TABLE V 

Effect of Addition of 1 Per Cent Chicken Red Blood Cell Suspension 
to 1/100 Dilution of Virus 


Allantoic fluid vims 

Time zf Ur red cells added, nin. 

Control 

Immedi- 

ately 

7 

20 

30 

AS 

60 

Diluted 1/100 





1 0r 8S 


itr 8 - 7 

" 1/100 




io- 7 -° 


io-t.5 

Purified by centrifuga- 
tion. Dilution 1/10.. 

io- s -° 

icr ss 

10" s - 8 


10“ 9 ~ 

io- 9 ’ 


SUMMARY 

The application of the 50 per cent embryo mortality to a study of the virus 
of Newcastle is described. It has been evaluated by a series of duplicate titra- 
tions of the same sample of virus. In seven such titrations the largest difference 
between the two was 10' 0 - 4 . It is therefore believed that a difference of 0.6 log 
is probably significant and of 1.0 log almost certainly significant. This would 
mean that we can almost certainly detect a loss of 90 per cent of activity. 

Neither temperature of incubation nor route of inoculation in the test 
embryos had consistent effect on the measurement of virus activity. The 
effect of increasing age of the incubated embryo, from 10 days up to 16 days, 
is slight and inconsistent. The addition of chicken red blood cells to a dilution 
of virus may lower the titer of the preparation, but the change is not sufficient 
to be of importance in the routine handling of the virus. 
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A study of the growth and behavior of an individual virus in the developing 
chick embryo has two important aspects. The biologist who is endeavoring to 
understand the comparative pathology of various experimental infections must 
have detailed information on this point. The chemist or commercial immu- 
nologist who uses the egg more as a test tube needs to know under what con- 
ditions he can obtain the maximum titer of virus. Although a large proportion 
of the same basic information is useful to both groups, it is more from the point 
of view of comparative pathology that these data on the virus of Newcastle 
disease have been collected and will be analyzed. 

Methods 

The general methods used are those reported in the first paper in this series. 
Most of the measurements have been made by titrations of embryo infectivity, 
since it is not certain that the activity of the virus to agglutinate red cells is 
inseparable from such infectivity. 

Distribution of the Virus in the Embryo 

Burnet (1) demonstrated in the first studies of embryo infections with New- 
castle virus that the final concentration in the allantoic fluid was high er if the 
embryo was inoculated in the allantoic sac, and higher in the amniotic fluid if 
this sac was inoculated. Since then it has clearly been shown that route of 
inoculation plays a large role in the amount of virus obtained from different 
parts of the embryo (2). Since this is so, any comparison of the distribution of 
the different viruses in the embryo must take into account the route of inocu- 
lation. Our comparison presented in Table I is useful in demonstrating that, 
following either inoculation of the chorioallantoic membrane or into the allan- 
toic sac, there is about 100 times as much virus in the allantoic fluid as is present 
in the embryo. There is however a high concentration of virus in the embryo 
following such inoculations. Newcastle virus then may be placed between the 
encephalitis groups of viruses and the influenza group. Following membrane 
inoculation, the viruses of Eastern and Western encephalitis (3) and of Vene- 
zuelan encephalomyelitis (4) attain the highest titer in the embryo and chorio- 
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allantoic membrane. West Nile virus localizes in membrane and embryo 
regardless of route of inoculation (5). Japanese B encephalitis also attains a 
higher titer in the embryo when inoculated by yolk sac (6). Newcastle virus 
is like these encephalitic viruses in that it kills the embryo and has a high titer 
in the embryo when inoculated by membrane or allantoically. However, the 
concentration is not as high as that of the allantoic fluid, and Newcastle virus 
thus corresponds to the influenza group of viruses which, following inoculation 
into the allantoic sac, multiply rapidly and attain their highest concentration 
there. To summarize, we may say that Newcastle virus resembles the enceph- 
alitis group in its ability to spread throughout the developing egg and to 
attain a high concentration in the embryo, but that it resembles influenza virus 
in its high concentration within the allantoic fluid before death. 

The distribution of a virus cannot be considered separately from the growth 
rate. Two factors known to have an effect on the growth rate in other embryo 

TABLE I 


Distribution of Nciccasllc Virus in 11-Day-Old Developing Eggs 


Route of inoculation 

Allantoic fluid 

Amniotic fluid 

10 per cent 
embryo 

Allantoicsac 

jO-0.5 


e* # 

i— * 

1 

O 

(t a 

10 -9.2 

10-8.2 

It H 

10-9.6 

10-6.7 

Membrane 

IQ- 7 - S 

i 

O 

J0-G.2 


10-9.6 

10-9.7 




infections, (1) size of inoculum and (2) temperature of inoculation, have been 
studied in this disease. 

It has been shown that inoculation of concentrated suspensions of influenza 
virus, of either A or B strain, will produce a lower final titer of virus in the allan- 
toic fluid than will the inoculation of a more dilute suspension. This is appar- 
ently part of the large problem of interference by dead virus (7). Such an effect 
has not been found in the case of Japanese B encephalitis (6). Present studies 
on Newcastle virus fail to show any effect of the size of inoculum on Hie amount 
of virus finally obtained (Table II). Indeed the larger inoculum produced a 
larger amount of virus earlier in the course of the infection, and in consequence 
killed the embryo earlier. Following minimal inocula the same high titer was 
obtained later and death was delayed. 


Effect oj Temperature on Rate off Grcnvlh 

The effect of temperature of incubation on the growth of a number of viruses 
has been recently summarized (8) and it has been pointed out that "chick 
embryos are more susceptible when incubated at 35 to 37°C. than at .->9 C. 
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This generalization does not hold for Newcastle virus as shown in Table IH. 
Indeed such an eSect is not to be expected, for this virus must multiply in a 


TABLE II 


Effect of Sice of Inoculum on Yield of Virus Incubated al 3T C. 


Experiment No. 

Time of 
incubation 

50 per cent end-point of allantoic fluid 

Inoculum 

1(T* 

icr* 

10-< 

ion 


hrs. 






6 

io- 5 < 

10" 3 -* 

10--* 


i 

24 

10-8.3 

10-8.0 

10-7.3 



43 

!0-9.3 

10-3.3 

10-3.0 



114 



1(H- 8 

10-1.8 

2 

22 



10-8.0 

10-5.3 


46 



10-8.6 

SSM ■ 


71 

* 
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TABLE HI 


Effect of Temperature of Incubation on the Yield of Newcastle Virus from the Allantoic 
Fluid of 1 1-Day-Old Embryos Inoculated into the Allantoic Sac 


V 

Dilu- 

tion 

of 

Time 

of 

35’C. 

37’C. 

39°C. 

40”C. 

41°C. 


virus 

incu- 

Embryo 

Red 

Embryo 

Red 

Embryo 

Red 

Embryo 

Red 

Embryo 

Red 




infec- 

cell 

infec- 

cell 

infec- 

cell 

infec- 

cell 

infec- 

cell 

w 



tiviiy 

titer 

tivity 

titer 

tivity 

titer 

tivity 

titer 

tivity 

titer 








i 






1 

KT- 

; 48 

i 

10-8.5 


10-3.5 


m 




: 


2 

10~ 2 

40 

10-8.7 



I ; 

5 


1 

: 

io- 9+ 




41 

10-8.5 1 


10-8.3 




B 






48 







1 


10-9.4 


s 


8J 







10-5.0 






18| 

10-S.5 










. 


26 

10-7.6 






10-8.6 





host (chicken) which normally has a rectal temperature of 40 to 41°C. Further- 
more, studies of the influence of temperature on the yield of virus obtained in 
the influenza-encephalitis group of viruses have usually not been related to tim e. 
Encephalitis virus will grow better at 37° than at 42°C., but initial growth rates 
seem to be about the same (3). Vesiculat stomatitis grows better at 35-36°C. 
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than at 39-40°C., but again initial growth rates in both 7- and 10-day embryos 
are about the same (9). The virus of influenza B does better at 35°C. than at 
either 37° or 39°C., but the initial growth rates at 35° and 37°C. are very 
similar (10). This suggests that the relation of temperature of incubation to 
the growth of viruses in the embryo is not a simple problem of optimum temper- 
ature of incubation but that complicated host-parasite relations may play a 
large r61e (8). 

Further data on the effect of temperature of incubation on the growth rate of 
Newcastle virus are presented in Chart 1. It may be noted that growth at 



Hours after inoculation 


Chart 1. The relation of temperature of incubation to the growth rate of Newcastle virus 
in the allantoic sac of ll-day-old chicken embryos. All embryos were inoculated with a 
10~ 4 dilution of freshly harvested allantoic fluid. Each point represents the titer obtained 
by pooling several embryos. The chart is a composite, but individual experiments (Table III, 
Experiment 5) demonstrate clearly the effect of higher temperatures. The titers below a 
log dilution 10 -0 were obtained by inoculating 10 drops of the undiluted fluid to be tested 
(10 +1 dilution). 

40°C. is more rapid than at 37°C. and this in general more rapid than at 35°C., 
but that the final titer is about the same (Table III). As with other embryo 
infections (3, 4, 9-11), and some other animal virus infections initial growth 
through a logarithmic (12, 13) phase occurs without pathological changes, and 
the highest titer of virus may be obtained before pathological changes set in. 

In the succeeding paper certain attempts to separate the red cell-aggluti- 
nating activity of Newcastle virus from the embryo infectivity are presented. 
It may be worth giving here a detailed record of the rise in red cell titer in the 
allantoic fluid and its relation to the infectious titer of the fluid. Hcnle and 
Henle (7) have shown in the case of influenza infections that correlations 
between the content of active virus in allantoic fluid and hemagglutinin titer 
ma y exist only during the stage of rapid increase of the active virus (logarithmic 
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phase of growth) but not after the active virus titer has reached its peak and 
started to decrease. Presumably this is related to loss of embryo infectivity 
(death) without loss of hemagglutinin activity. In comparing these results 
with those for the Newcastle virus we must remember that embryos infected 
with influenza virus frequently live for some days after inoculation and after 
the maximum titer of virus is obtained in the allantoic fluid. This is not 
equally true of Newcastle virus, for death occurs sooner after its maximum titer 
has been obtained. It is also more stable than influenza virus. Therefore, the 
relation of embryo infectivity to hemagglutinin activity after death would not 
be dependent upon peculiar host-parasite relations but merely would mirror 
the persistence of the more stable hemagglutinin characteristics as contrasted 
with embryo infectivity. Hence we cannot present any significant data on 
Newcastle virus after 48 hours (with dilute inoculum 72 hours). 

Table IV presents a summary of our data on the relation of these two charac- 
teristics during the logarithmic phase of growth, following the inoculation of 
different concentrations of virus. When the known error in the method of 
determining embryo infectivity is considered (only three embryos were used in 
each dilution in this test) it is seen that we can conclude only that there is a 
concomitant increase in red cell-agglutinating activity and in embryo infec- 
tivity, and that the geometric rate of increase of hemagglutins ceases at about 
the same time as does the embryo infectivity (20 to 25 hours) (Chart 1). Thus 
there is in our study no evidence of a separation of the two functions. 

The question of a latent period before the logarithmic phase of growth begins 
was considered. The data in Chart 1 are inadequate to a decision. The 
embryos were inoculated with fa cc. of a lO - * dilution of allantoic fluid, and 
this means that each embryo received about 50,000 LD M doses. This was 
diluted by a factor of fa cc. in 50 cc. (volume of egg) or -famr, which means that 
a drop of test inoculum from a recently inoculated embryo would contain a 
maximum of 50 LDaj infectious units. These calculations take no account of 
the probable fixation of the virus on the tissue. It follows that although in the 
few hours after inoculation of the virus into the allantoic sac we did not recover 
the “expected” amount (see Table V), we cannot conclude that there was a 
latent period before its proliferation. Any virus formed may have been fixed 
in the tissues. 

Effect of Age of Evibryo 

In the preceding paper, it was noted that there was relatively little effect of 
age on the susceptibility to the virus. This, however, would not mean that 
the same total amount of virus was obtainable from allantoic fluid of eggs of 
different ages. The point was tested by the inoculation of 10-, 12-, and 14-day- 
old embryos into the allantoic sac (Table VI). The fluid was harvested from 
two to five embryos of each age, and titrations of red cell agglutination indi- 
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m Various Amounts of Inoculum 
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TABLE V 


Growth of Virus after Inoculation of a 10 ~ 4 Dilution of Allantoic Fluid at 35° C. 


Time 

Titer 

hrs. 


H 

IQ-WJ 

3* 

10>° 

7 

io - 1 - 7 

18 

10-4° 

t 


TABLE VI 

Effect of Age of Embryo on Titer of Virus Obtained from Allantoic Fluid 


10 days 

12 days 

! 14 Uays 

Embryo 

infectivity 

Red cell titer 

Embryo 

infectivity 

Red cell titer 

| Embryo 

infectivity 


10-9.0 

1/4000 

10-9.0 

1/2000 

IO-! 9 - 0 

1/1000 


cated that there was a slight decrease in the amount of virus obtainable. This 
was not great enough to be picked up on infectivity measurements. 

SUMMARY 

The virus of Newcastle disease of chickens resembles those of the encephalitis 
group in its ability to spread throughout the developing egg and embryo, but 
it is similar to influenza virus in the high concentration of it found in the allan- 
toic fluid before death. . No effect of the size of the inoculum on the final titer 
of virus in the allantoic fluid was detected. Good growth occurred at tempera- 
tures from 35° to 41°C., apparently more rapid at 40°C. than at 35°C. No 
appreciable development of virus capable of agglutinating red cells but of low 
embryo infectivity was found. Although virus multiplication was not immedi- 
ately perceptible after inoculation, this cannot on present evidence be attributed 
to a real lag phase. 
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Electron micrographs of Newcastle virus suspended in allantoic fluid or 
v/ater show' a number of irregular globular forms (1). Filamentous or tailed 
forms have not been found in these fluids. However, when the virus is trans- 
ferred to saline and a mount is made directly of this material, tailed or sperm- 
like forms are found to predominate (2-4). 

The identification of certain particles seen in the electron microscope as virus, 
particles is not easy. Even some 10 years after the original description of the 
tobacco mosaic virus as a long thin rod (5) there is some discussion as to whether 
these particles represent individual units (6) or aggregates of virus (7). It is 
not legitimate to accept any spherical particle obtained from a mixture of mate- 
rials as virus just because it has a size which agrees with previous calculations 
and because it is frequently found in these partially purified preparations. All 
available methods for associating or dissociating the two must be applied. 

We first would like to outline certain evidence which we believe associates 
the filamentous or sperm-like bodies seen in saline preparations with the indi- 
vidual virus particles. We will then take up the evidence that the tailed forms 
are derived from the globular forms in the allantoic fluid. 

The Evidence for an Association of Virus Activity with the Filamentous Units 

The evidence indicative of an association of filamentous units will be con- 
sidered under several heads: — 

1. Lack of Similar Forms in Other Infections of (he Embryo. — Several other 
virus infections have been studied under the electron microscope. The most 
fully reported is the influenza group (8, 9), in which certain filamentous forms 
have been described (10). However, these forms are in the minority in the 
preparations that have been published and have been pictured as long solid 
threads, never as sperm-like forms of variable thickness. They have not defi- 
nitely been identified as virus particles. The virus of cat pneumonia has 
recently been studied in preparations from the allantoic fluid of chick embryos 
and no filamentous forms are described (11). Eastern and Western encepha- 
lomyelitis viruses are purified in higher centrifugal fields but infected chick 
embryos are used as starting material. No filamentous forms have been de- 
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scribed (12). We have studied partially purified preparations of swine influ- 
enza, mumps, and Eastern equine encephalomyelitis without seeing any forms 
which resemble the usual picture of Newcastle virus when resuspended in saline. 
This negative evidence makes it unlikely that the peculiarities observed are 
ordinary artifacts. 

2. Period at Which Filamentous Forms Arc First Obtained. — Filamentous 
forms have been obtained from allantoic fluid as early as 24 hours after inocula- 
tion. This corresponds to the time of first increase in virus titer of the allantoic 
fluid (13). The forms are obtainable from that time on until death of the em- 
bryo some 24 to 48 hours later, during which period the titer is maintained. 
They have been found in preparations incubated at 35°, 37°, and 41°C. They 
are thus obtainable at all times when the virus titer is high. Their presence 
early in the infection indicates that they are not a degenerate form. 

3. The Forms Are Obtained from Four Different Strains. — The four strains 
used in the studies here reported have all shown predominantly a tailed or 
filamentous form when suspended in saline and dried (Figs. 2, 4, 6). None of 
them has shown this form in allantoic fluid (Figs. 1, 3, 5). The presence of the 
tailed form in saline preparations has been reported in another strain from 
the United States (3) and in the classical Doyle strain (4). 

4. The Forms Arc Agglutinated by Specific Antisera. — The infection of a ver- 
tebrate host with a pathogenic organism usually results in antibodies against 
that organism. On previous evidence we can expect that an organism which 
has been identified as the causative agent of a disease may be agglutinated by 
convalescent sera from that disease. Failure for this to happen militates 
against tire identification of the material under test as the infectious agent. 
Agglutination by convalescent sera is however not conclusive evidence for 
identification of agent, and disease, as witness the rise of the proteus OX titers 
in various rickettsial fevers, and the increase of anti-beef heart particle titer 
in syphilis. An increase in tire agglutinating titer against vaccinia particles in 
rabbits infected with vaccinia (14) and of fowl pox bodies of chickens infected 
with fowl pox (15) has been demonstrated. Such tests have not hitherto been 
applied to electron microscope studies. 

In the course of tire present work, agglutination .of Newcastle virus particles 
was first demonstrated in a Vo dilution of antiserum against tire classical strain 
of the disease. 1 This was controlled by tests with scrum from a rooster hyper- 
immunized with chick embryo preparations of equine encephalomyelitis. 

A drop of fluid from each mixture was mounted on an electron microscope screen 15 minutes, 

2 hours, and 5 hours after the test was started. Slight beginning clumping at 15 minutes, which 
became definite in 2 hours, was noted with the microscope in the Newcastle immune sera. 

The control sera failed to agglutinate even in 5 hours. That the agglutination was not due to 
a reaction with some normal tissue component of the virus is made likely by the fact that t ic 


1 1 am indebted to Dr. C. A. Brandlcy for furnishing these sera. 
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anti-Newcastle sera in the same test failed to agglutinate partially purified influenza virus 
from chick embryos. 

The agglutination test was repeated in another way. 

Of four chickens which had been used in the terminal dilution of a titration, two had devel- 
oped good red cell agglutination inhibition titers (presence of infection) and two failed to 
develop antibodies (no infection). To \ cc. of serial two fold dilutions of serum, 0.1 of a cc. 
of varus concentrate was added. The concentrate had been prepared by centrifuging the 
virus from the allantoic fluid and resuspending in saline equal to 0.1 the original volume of 
allantoic fluid. The combination was put in the refrigerator overnight. 

As shown in Table I the sera from the infected chickens agglutinated macro- 
scopically the virus suspension in dilutions of 1 /u and V«- The control sera 
failed to agglutinate. Electron microscope pictures prepared 1 hour after the 

TABLE I 

Macroscopic Agglutination of Newcastle Virus Suspension 


Sera and virus concentrate in saline were put in refrigerator overnight. 


Chicken sera need 

No. 



Dilation of sera 



1/4 

1/8 

1/16 

1/32 

1/61 

! 1/123 

Known positive sera 

1 

+++ 

+++ 

s +++ 

++ 

0 

0 


2 

+++ 

+++ 

++ 

0 

0 

0 

Known negative sera 

1 

0 

0 

0 

0 

0 

0 


2 

0 

0 

0 

o 

0 

0 


addition of the sera showed, in the J4 and dilutions, masses of clumped virus 
with no discrete particles left. The l /u dilution of both positive sera showed 
some free particles. No microscopic agglutination (electron microscope) was 
seen in any dilution of the controls. 

5. Association of Injectivity and Red Cell-Agglutinating Activity with Particles 
of about 100 mu . — It was early demonstrated by filtration experiments that New- 
castle virus has a diameter between 80 and 120 mg (16). It was to be expected 
then that centrifugation at a force sufficient to concentrate influenza virus would 
throw down Newcastle virus. This was found to be so (2). Indeed it has been 
demonstrated (3) that a force of 15,000 to 20,000 g for 15 to 20 minutes is suffi- 
cient to sediment the virus particles (as determined by red cell agglutination). 
This accords with the size of the particles seen by electron microscopy (17). 

For the sake of completeness, we present data on three other strains of the 
virus, demonstrating the ease of sedimentation and concentration. These tests 
were carried out in a higher gravitational field than necessary and therefore do 
not indicate as clearly as does the work of Cunha el al. (3) that the size of the 
infectious particle is about 100 mfi (Table II). 
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Although the red cell-agglutinating activity of the influenza-mumps-New- 
castle group of viruses is much more stable than the infectivity of the virus for 
the embryo, it has not been possible as yet to separate the red cell agglutinating 
factor from the 100 m/x particle. In an attempt to do this we studied the effect 
of freezing and thawing on the sedimentability of the virus (measuring both red 
cell and embryo infectivity) . It was consistently found that freezing and thaw- 
ing of a preparation of infected allantoic fluid caused a much larger amount of 
virus to remain suspended in the supernatant fluid after centrifuging at 24,000 
r.p.m. for 40 minutes (30, 000 g minimal) (Table III). Both the infectivity and 
red cell-agglutinating titers of the top layer of supernatant were about ten times 
greater when the material had been frozen and thawed beforehand. There are 
several possible explanations of this phenomenon. (It is, of course, understood 

TABLE II 

Sedimentation of Several Strains of Newcastle Virus 


Centrifugation at 24,000 r.p.m. (30,000 g + ) for 30 minutes. 


Strain 

Original fluid 

First supernatant 

Pellet resuspended after 
second centrifugation 


Embryo 

infectivity 

Red cell titer 

Embryo 

infectivity 

Red cell titer 

Embryo 

infectivity 

Red cell titer 

Cgl79 


1/40 


0 

10-8.8 

1/S0 


10-7.8 


10<3.6 


io- 81 



10-8.1 

1/10 

10*6.7 

0 

10-8.5 

1/80 

Np 

1Q-8.8 

1/1600 


0 

10-8.9 

1/800 

W 


1/400 


1/10 

10-8.0 

1/400 


that the flocculi and clumps of virus and protein due to freezing and thawing 
have in each instance been broken up by repeated pipetting). 

It is conceivable that the inherent viscosity of the suspending medium has 
been increased by freezing and thawing. This might change the character of 
the convection currents in the tube and might also directly affect the sedimenta- 
tion rate of the virus. Such a state of affairs is unlikely because after a second 
centrifugation at 24,000 R.p.ai. in which the virus was in saline the supernatant 
from the preparation — which had originally been frozen and thawed, still con- 
tained a higher hemagglutinating titer than the control supernatant. Another 
explanation is that the virus has in some way been altered so that it docs not 
sediment as well. This could be consequent either on the formation of smaller 
particles (a breaking up of perhaps 10 per cent of the virus particles) or on the 
change from the compact spherical to the larger filamentous shape, which seems 
to occur when the virus is transferred from allantoic fluid to saline solution (!)• 
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Such a change might also occur in unfrozen preparations after standing.^ How- 
ever, an apparent change in size after freezing and thawing may not indicate 
the breaking up of a proportion of the individual particles, but instead the 
separation of agglomerate masses. This would explain the frequent increase 
in total titer of virus obtained when purifying this virus (2) and that of influ- 
enza (18). 

6. Injection Is Produced by Very Few Particles .— If infection of the host is 
produced by an inoculum containing a very few particles, perhaps only one, it 
is likely that a single particle is the infecting agent (19). If, however, the mini- 

TABLE HI 


Effect of Freezing and T hairing on Sedimentobilily oj Newcastle Virus 


Experiment 

Original 

Supernatant 

Pellet resuspended in 
same volume saline 
after 1 centrifugation 

40 min. 

Embryo 

infectivity 

Red cell 
titer 

Embryo 

infectivity 

Red cell 
titer 

Embryo 

infectivity 

Red cell 
titer 

1 Unfrozen 


1/3200 

io-'- 5 

1/24 

1Q-SS 

1/3200 

■frozen 


1/6400 

lo- 4 - 5 

1/384 

Iff 5 - 3 

1/3200 

2 Unfrozen 




1/24 

30~ 8 - 8 

1/3200 

Frozen 




1/384 

10" 83 

1/3200 

3 Unfrozen 



10-‘ J 

1/32 

10- 83 

1/800 

Frozen 



10-*-* 

1/512 

10 -84 

1/800 

4 Unfrozen 

IQ-t.O 

1/3200 

10<*-s 

1/16 


1/3200 

Frozen slowly 

10- 611 

1/3200 

10-SJ! 

1/128 


1/3200 

Frozen quickly 

10" 83 

1/3200 

lO- 7 -*-*- 

1/1024 


1/1600 


* This material titered to 10" 8 ■* alter three freezing and thawing treatments. 


mum infecting dose contains thousands or millions of particles of the calculated 
size, there is more room for error in identifying the particle as the infecting 
agent. 

The evidence that a very few particles of Newcastle virus produce infection 
and death of the embryo is threefold, (a) Calculation of the number of par- 
ticles in a suspension, based on the size of the particle in the electron microscope, 
the light scattering, and the nitrogen content of the suspension, shows that there 
are only a few more particles than there are infectious units. The difference 
between the two measurements is well within the limits of experimental error. 
(6)_ Equally high titers may be obtained in two different hosts, and (c) end- 
point titration curves agree with the single particle infection theory. None of 
these lines of evidence is in itself conclusive but taken together they make it 
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likely that the particles seen under the electron microscope are the virus. To 
deal with these points individually: 

( a ) Electron microscope measurements of the size of head of the large fairly uniform 
particles in the purified preparation average S3 mg X 146 mg. Light-scattering 
measurements (20) combined with nitrogen determination on washed virus lead to an 
estimate of 1 15 to 120 mg in size, 2 and a molecular weight of about 500 million. In a 
suspension containing 1 gm. of protein, there would then be roughly 1.2 X 10~ 1B 
particles. It has, however, been shown that 1 gm. of virus (assuming N = Vio of total 
mass) will titer to 10~ 14 - 6 (50 per cent end-point). There must then be about five 
particles present at the 50 per cent end-point. 

(b) Parker (19) has pointed out that when a given virus suspension attains the 
same high titer and readies the same end-point in three different hosts (vaccinia in 
rabbit, mouse, and chick embryo), it is probable that infection is produced by one 
particle. The strain Cgl79 which is highly virulent for chickens was therefore simul- 
taneously titered in 10-day chick embryos and young diickens (Table IV). There 

TABLE IV 


Tiler of Cgl79 on Chick Embryos and in Chickens 


Preparation No. 

10 days embryos 

2 wks. chicks 

2 mos. chickens 

1 

J0- 8.8 

10-8.8 


2 

J0-8.1 

10-8.2 


3 

10-7.2 


10-6.8 

4 

JO-7.5 


10-6.7 


was no detectable difference in result on the 10-day diorioallantoic membrane and on 
the 2 weeks-old-chicken. There was a slight decrease (of questionable statistical 
significance) when 2 months-old-chickens were inoculated. We have then two hosts 
of roughly equal susceptibility to high dilutions of virus. 

(c) The theory that infection is produced by one infectious unit has been exten- 
sively discussed (21) and the expected curve for such a case outlined. Our results 
(22, Chart 1) agree with this predicted curve. This type of curve at best merely 
indicates that when infection has been produced in the embryo it may have been 
initiated by one particle. It docs not take into account the virus particles which have 
been lost. These amount to thousands in the case of tobacco mosaic virus. 

Points (b) and ( c ) are brought into the discussion not because of any belief 
that they prove the identity of the demonstrated particle and infectious unit, 
but because they agree with the evidence in ( a ) that infection is produced by a 
very few particles. 

Apparent Change in Shape of Infectious Particle 

If we accept the sperm-like or filamentous forms of Newcastle virus, when 
prepared from saline suspensions, as representing actual virus particles, how 

: Actual measurements and calculations of size were carried out by Dr. Roger Herriott. 
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may we then explain their absence in the original allantoic fluid? Saline sus- 
pensions in which the virus is not concentrated show many typical tailed forms, 
whereas none are seen in allantoic fluid having this same titer of virus. We 
believe that the virus particle has another form in the allantoic fluid and that 
under the influence of saline it is changed into the forms just mentioned. The 
evidence in favor of this is as follows; — 

1. Filamentous forms are absent from the allantoic fluid. 

2. Filamentous forms can be produced by simple dialysis against saline. This is 
accomplished without loss of activity. 

3. Suspensions maintained in different pH solutions give different forms. 

4. The form of virus suspended in a phosphate buffer at pH 8 differs from that 
suspended in a borate buffer at the same pH. 

5. Spherical forms can be obtained from allantoic fluid by resuspending in water. 
These will show filamentous types under the electron microscope if increasing concen- 
trations of saline are added. 

6. Partial inactivation of spherical forms in water by heat, formaldehyde, or mustard 
gas prevents the development of the filamentous forms. 

It may be worth while to detail the experimental evidence on each of these 
points. 

1. Absence of Filamentous or Tailed Forms from Allantoic Fluid . — Numerous unsuc- 
cessful attempts were made to see these forms in the unconcentrated allantoic fluid. 

To preclude the possibility that the mechanical treatment of centrifugation and 
resuspension might cause the change in shape, normal allantoic fluid was substituted 
for saline during both cycles of centrifugation of one strain. No tailed forms were 
found after a careful search of many fields. The same concentration of virus in saline 
had produced great numbers of tailed forms in each field. This contrast between 
allantoic-fluid virus and saline-washed virus held true of all four strains. 

2. Production of Filamentous Forms by Dialysis against Saline . — Filamentous forms 
may be observed to develop within the original allantoic fluid when it is dialyzed 
against saline solutions. These forms do not have the dear cut morphology of the 
typical tailed virus which has been centrifuged and transferred to saline, but do show 
a definite change in morphology. In the first experiment, infected allantoic fluid was 
put in a cellophane sac under slight pressure and fluid withdrawn at intervals of several 
hours. Filamentous forms were found during the first 12 hours. In the two subse- 
quent experiments the virus was dialyzed against saline and water. The infectious- 
ness of the preparations was determined and electron microscope screens prepared at 
intervals. The data are summarized in Tables V and IT. 

M e have conduded that a definite change in morphology may be brought out by 
dialysis against sahne with little loss of infectiousness, but since other methods of 
investigating this morphological variation proved capable of bringing out sharper 
differences, we did not pursue this aspect further. 

3. Effect of pH.— When virus is transferred from allantoic fluid to a saline solution 
by centrifugation and resuspension, it is transferred from a medium of roughly pH 8 to 
one of roughly pH 7— especially if the saline is buffered by phosphate. It was im- 
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portant then to determine the effect of various hydrogen-ion concentrations on the 
morphology and activity of the virus. 

Infected allantoic fluid was centrifuged in the usual manner and the virus resuspended in ' 
one-tenth of the original volume of normal saline. This then was brought up to the original 
volume of normal saline. This then was brought up to the original volume in the particular 
buffered solution desired by a one to ten dilution. pH recordings are actual determinations 
with Coleman pH electrodes dipped in the virus solution. 

TABLE V 

Dialysis against 0.15 m Saline 


No pressure 


Effect on 

Original 

Time, hrs. 

2 

1 

10 

so 

70 

94 

216 

Morphology 

Titer 

Spherical 

10- 8. G 

Spherical 

Fuzzy 

1Q-8.8 


Stringy 

10-8.4 

10-8.5 

lQ-8.4 


TABLE VI 


Dialysis through Cellophane Sac 
Original titer 10~ 9 - 6 . No pressure 


Dialyzed 

against 

Effect on 

Time, hrs. 

6 

24 

72 

216 

Normal sa- 
line 

Morphology 

Titer 

Fuzzy and 
stringy 

Indistinct 

tailed 

forms 

10-8.5 

Filamentous 

10-8.5 

Buffered sa- 
line 

Morphology 

Titer 

Stringy 

10-s.s 



Water 

Morphology 

Titer 

Large irregu- 
lar dots 


Large irregu- 
lar dots 

10-8.4 



Since the changes were greater on tire alkaline side of pH 7 (Table VII) , tire second 
experiment was limited to this. The data obtained are presented in Tabic Vffl. 

Several things seemed clear from these experiments on tire effect of pH. hirst, 
filamentous forms were not seen in moderately alkaline solutions even though activity 
was well preserved. Secondly, the tailed and filamentous forms were not preserved 
indefinitely at any of the pH concentrations tested. Finally it also seemed clear that 
it was not the change from pH 8 to pH 7 in itself which caused the appearance of the 
filamentous forms but rater some change in salt concentration. 
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4. The Effect oj Phosphate Buffer. — Further evidence of the secondary importance 
of hydrogen ion concentration per sc was obtained by studying morphology and 
activity at pH 7.0, 7.5, and 8.0 all in phosphate buffers (previous studies on the effect 
of pH had used a borate buffer for pH 8). Filamentous and tailed forms predominated 
at all three pH’s and in two different strains of virus (B and Cgl79). 


TABLE Vn 

Effect of Different Hydrogen Ion Concentrations on the Morphology and Activity of 

Washed Virus 


pH 


Time 



2 hrs. 

1 day 

12 days 

19 days 


Activity 

Embryo titer 
Red cell titer 

nr 1 " 

ltr* IV 

10-i •» 

1/100 


3 [ 

Morphology 



Xo filamentous 
forms seen 




Activity 

Embryo titer 
Red cell titer 


10-7-1 

10-tJ 

1/E00 

10-** 

1 

Morphology 




Few' filamentous 

Spherical, many 
with tails 


| Activity 

Embryo titer 
Red cell titer 

j 

io->* 

j 

io-»-« 

1/800 

! 


Morphology 


Typical filamen- 
tous 

Tailed and fila- 
mentous 


Spherical 

8.( 

Activity 

) 

Morphology 

Embryo titer 
Red cell titer 


iO-i-t 

1/400 

Spherical 

Xo filamentous 

8. 

Activity 

8 

Morphology 

Embryo titer 
Red cell titer 


Filamentous 

10-** 4 - 

1/800 

Xo filamentous. 
Outlines vague 

9. 

Activity 

2 

Morphology 

Embryo titer 
Red cell titer 


10 

- Xo filamentous 

Hr*-**" 

1/1600 

Sharply defined 
hard dots 

io~*« 

[ Sharply defined 
hard dots 


5. Effect of Molarity of Salt Solution: — Infected allantoic fluid contains a great deal 
of extraneous material besides the virus particles. This makes it difficult to differen- 
tiate individual particles and to identify each virus particle. For this reason we felt 
that the evidence for a change in form would remain obscured until it was possible to 
obtain spherical particles free from the original allantoic fluid. To this end we under- 
took to study the morphology and infectivity of Newcastle virus in distilled water. 
Surprisingly the virus can be centrifuged and resuspended in water without loss of 
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infectivity. It has a'spherical shape which is readily converted into a tailed or fila- 
mentous form by the additon of 0.07 to 0.15 molar sodium chloride. 

The experiments summarized in Table IX were performed by first resuspending the 
pellet obtained from ultracentrifugation in water. This washing in water was 
repeated, and the second centrifugate was resuspended in one-half to one-sixth of the 
original fluid volume. This water suspension was then brought back to approximately 
the original volume in the particular strength of saline desired. Suspensions were 
stored at 4°C. 


TABLE VIII 


Effect of pH on the Morphology and Activity of Newcastle Virus 


pH 

Effect on 

2hrs. 

2 days 

4 days 

12 days 

16 days 

6.8 

Activity 

Morphology 

Filamentous 

10-8.2 

; Filamentous 

Filamentous 

10-7.6 

; Few fila- 
mentous 

Rare fila- 
mentous 

8.0 

Activity 

Morphology 


Rings 

Small hard 
dots 

10-7.6 

Irregular 

mixture 

8.8 

Activity 

Morphology 

Filamentous 
and tailed 

IQ- 8 . » 

Spherical 

Large with 
vague out- 
line 

10-s.o 

Large round 
spheres 

9.2 

Activity 

Morphology 


lQ-8.2 

Small dots 

Irregular in 
outline 

10-7.8 


9.3 

Activity 

Morphology 


10-8.4 

Small dots 



10-7.6 

Dense round 
small 
spheres 


Figs. 7 to 12 show the gradual transition from the spherical to the filamentous, with 
no measurable change in infectiousness, as shown in Table IX. 

The ability of saline to bring about these changes in form as seen on electron micro- 
scopy immediately raises the question of effect through various osmotic pressures. It 
must be remembered, however, that as the drop of saline containing the virus particles 
dried at room temperature on tire collodion film of the electron microscope screen 
there was an increase in salt concentration which makes it impossible to state exactly 
what the osmotic pressure was during the drying. However, it has been found that 
virus suspended in 0.15 M sucrose is just as active as the original allantoic fluid and 
has a spherical form on electron microscopy. It may be worth pointing out that the 
effect of the salt solution seems to be quick for the filamentous forms were present 
within 10 minutes of adding the saline plus the time taken in drying (5 to 10 minutesj. 



TABLE IX 

j fat of Molarity of Salin e on Morphology and Activity of 
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This agrees with the immediate appearance of filamentous forms on transfer into saline 
during the original centrifuge studies described in the first part of this paper. 

6. Effect of Partial Inactivation of Spherical Forms on the Ability of the Virus 
to Change Shape. — The question which was constantly in the background was, 
— Is this change a real one, or is it due to some peculiar distortion of the virus 
on drying? It was thought that if it were possible to prevent the change in 
shape brought about by saline by some previous treatment of the virus in the 
water suspension, this would make it less likely that we were dealing with an 
artifact. To this end, 0.02 per cent formaldehyde was added to a water sus- 
pension of virus and this suspension kept at 4°C. for 4 days. Sufficient NaCl 
solution was then added to produce a 0.15 m solution and immediately there- 
after and 5 minutes afterwards screens were prepared for electron microscopy. 

TABLE X 


Effect oj 0.02 P'cr Cent Formaldehyde on the Change of Shape Brought about by Saline 




Water suspension 

0,02 per cent formaldehyde in water 

Time 





Activity 

Morphology when placed in 
Q.lSMsalinc 

Activity 

Morphology when placed in 

0.15 M saline 


hrs. 





0 i 

10- 

Filamentous 



1 



10-S.3 

Filamentous and tailed 

4 



10-7.5+ 

Filamentous and tailed 

27 



10-7.5+ 

Spherical and filamentous 

72 

| 

| 

10-S.5+ 

Most spherical 

120 


Filamentous and tailed 

\ 

10-3.5+ 

Most spherical; few filamen* 




tous 

288 

10-«.7 

Few filamentous 

10-3.5 



The typical spherical forms of the water suspension were preserved by the pre- 
vious treatment with formaldehyde despite the presence of the sodium chloride. 
Only a rare tailed virus particle was seen on thorough searcli of the screen. The 
failure to find forms other than spherical in a preparation of virus which had 
been treated with formaldehyde before centrifugation was reported by Taylor 
(23) at tire Electron Microscope Society Meeting in 1946. On the other hand, 
a control suspension of virus to which saline was added before placing in the 
refrigerator, and to which 0.02 per cent formaldehyde was added after 4 days 
at 4°C., showed a profusion of tailed forms. Tin's would indicate that it is not 
the mere presence of formaldehyde which prevents visualization of tailed forms, 
but that it is necessary for the formaldehyde to act over a period of time. 

This idea was tested by comparing the ability of the spherical forms to change 
into tailed and filamentous forms with and without 0.02 per cent formadehyde 
over a period of time. The results are presented in Table X. The electron 
microscope screens were prepared within a few minutes after adding the saline. 

It is apparent that roughly the same results were obtained. 0.02 per cent 



formaldehyde did not inhibit the change in shape until after some days during 
which time it had a chance to begin to inactivate the virus. However, conver- 
sion seemed to be inhibited long before inactivation had proceeded very far. 
It is not surprising then that the control tube in water alone produced but few 
filam entous forms after 12 days in the refrigerator, at which time roughly 99 
per cent of the virus was apparently inactivated. 

One other method of inactivation was studied fairly carefully for its ability 
to prevent the conversion into filamentous forms. Water suspensions were 
heated in a water bath at 50°C. for various periods of time. Portions were then 
brought to 0.15 M NaCl concentration and electron microscope screens were 
prepared. As can be seen in Table XI, long before inactivation was complete 

TABLE XI 


Effect of Beating (50 Q C.) on Change to Filamentous and on Injectivity of Vims 


Expert 

ment 

No. 

Time 

Morphology when transferred to saline 

Titer 


min. 




0 

Filamentous 

1(T 87 


10 

No tailed forms seen; few asymmetrical 

10-b.o 

i 

i 20 

None filamentous or tailed 



30 

Beginning aggregation; outlines indistinct 



eo ! 


10-i.oe 


0 

Excellent filamentous forms 



t 

Most forms tailed or filamentous 


2 

5 

Few scattered filamentous forms, some with long thin tails 



10 

Hard dense forms. Outlines irregular but essentially spherical. 




Few dumps 



15 

Dense hard forms, most spherical. No filamentous forms 



as far as infectivity was concerned, conversion was prevented. It is well to 
remember here, as in the experiments on the effect of formaldehyde, that the 
loss of only 3 logs in a titration means a 99.9 per cent inactivation. This amount 
of inhibition of conversion as seen in the electron microscope would be called 
complete. In a second experiment the amount of heating necessary for this 
inhibition was more accurately determined, but no activity determinations were 
made. Again it was found that 10 minutes at 50°C. prevented the conversion. 

Two other methods of inactivation were studied in passing. Irradiation of 
water suspensions with ultraviolet light for 20 minutes in one experiment and 
for 60 minutes in another prevented conversion. Five to 10 minutes of irradia- 
tion under the same conditions had been found to render the virus non-inf ectious 
for the embryo. Treatment with mustard gas at a concentration of 2 X 10- 4 
M ^ also »ade the vims incapable of producing the filamentous form. In 
general reactions which inactivated the virus were capable of preventing the 
conversion, perhaps to the same degree. 
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DISCUSSION - 

Two separate ideas have been presented in this paper. The evidence for the 
first, that certain filamentous and tailed forms represent virus particles, is fairly 
good. It is based on their characteristic shape, on their size and number, and 
on immunological evidence. 

The second idea, that there is a genuine change in shape from a spherical to 
a filamentous one, is a more difficult one. While repetition readily establishes 
the reproducibility of the phenomenon, it does not discourage the idea of a 
reproducible artifact. This problem may be debated at length and involves 
the basic problem of the applicability of electron microscope findings in the 
biological field. Does the form or shape of the virus of Newcastle disease in 
solution depend upon the presence or absence of a certain concentration of salt? 
It might be thought that the best way to answer this would be by applying 
certain known physical methods to a study of the virus suspensions. Light- 
scattering measurements were made by Dr. R. M. Herriott on the virus in 
allantoic fluid and in saline. No change was found. Then the scattering of 
light was determined in purified suspensions before and after adding salt. No 
change was found. But we were unable to get any information which would 
indicate how much change in shape without change in size might occur without 
a change in the light scattering. 

The asymmetry of particles such as the tobacco mosaic virus s easily estab- 
lished as occurring in solution by birefringence on streaming, iln a capillary 
tube supported between two crossed prisms it was easy to demonstrate the 
marked streaming birefringence of a 1 per cent suspension of tobacco mosaic 
virus. This same set up failed to elicit birefringence on streaming in a New- 
castle virus suspension in saline which had fifteen times the original concentration 
in the allantoic fluid and which was a milky white in color. But we cannot 
conclude from this that the filamentous forms do not exist in suspension. The 
electron microscope does not indicate that they in any way approach the sharp 
rigid rod-like shape of tobacco mosaic. a 

A third method of studying the shape of macromolecules in solution is to 
study their viscosity. According to Einstein’s formula a change in shape should 
be accompanied by a definite change in viscosity. But in order to get deter- 
minable differences of viscosity between the solvent and the solvent plus virus, 

Dr. Herriott found it necessary to employ concentrations of virus ten times as 
great as those used in preparing the electron microscope screens. This increased 
concentration seems to be accompanied by such agglomeration of the individual 
particles that again the failure to determine a difference between the viscosity 
of the virus in water and in saline is not significant. 

Other physical methods will have to be employed before we can make a final 
decision. In the meantime the reproducibility and the marked extent of the 
change, plus the effect of partial inactivation of the virus favor the reality of 
the phenomenon. 
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If the change in shape is found to occur in solution it may be related to an 
enzyme lik e the ribonuclease which was found to be active in saline and inactive 
in water solutions. 

In passing it is well to emphasize that we have studied and discussed a rela- 
tively simple question. Does the virus change from a roughly spherical particle 
to a roughly filamentous particle under the influence of saline? This excludes 
the problem of pleomoiphism. Our observations would rather indicate that 
the Newcastle virus is pleomorphic much like the pleuropneumonia bodies. 
The range of such variation in shape has not been studied. 

SUMMARY 

1. It is likely that certain tailed and filamentous particles seen on electron 
microscope examination of partially purified saline suspensions of Newcastle 
virus are the individual virus particles because: 

(a) They have a highly characteristic shape not seen in other virus prepa- 
rations. 

(b) They are present whenever the virus is present in high concentration. 

(c) Their size agrees with the size of the virus as calculated from light scat- 
tering and centrifuge data. 

(d) They are agglutinated by specific antisera. 

(e) Infection may be produced in the embryo by relatively few of these 
particles. 

2. It is possible that these filamentous forms have been derived from spherical 
forms without loss of activity because: 

(a) Such filamentous forms are not found in the original allantoic fluid when 
this contains a comparable amount of virus. 

(b) Filamentous forms appeared in the original allantoic fluid when it was 
dialyzed against saline solution. 

(c) Filamentous forms were produced at certain hydrogen ion concentrations 
but not at others, in solutions maintaining the same infectivity for the embryo. 

(d) Spherical forms were obtained by suspending the partially purified virus 
in water instead of saline. In this the vims remained moderately stable. 

(e) These round forms could apparently be converted into tailed and fila- 
mentous forms by the addition of saline, again without loss of activity. 

CO This “conversion” could be inhibited by partial inactivation of the water 
suspension of virus, 
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EXPLANATION OF PLATES 


Plate 8 


Fig. 1. Newcastle virus (strain Np) in crude allantoic fluid. X 18,000. 

Fig. 2. Same strain in same concentration but partially purified by centrifugation 
and resuspension in 0.15 m saline. X 18,000. 

Fig. 3. Newcastle virus (strain W) in crude allantoic fluid. X 18,000. 

Fig. 4. Strain W prepared from 0.15 m saline. Same concentration as Fig. 3. 
X 18,000. 

Fig. 5. Strain Cgl79. After centrifugation twice and resuspension in water. 


X IS, 000. 

Fig. 6. Same preparation but resuspended in 0.15 m saline. 


X 18,000. 
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PLATE 8 



(Bang: Newcastle disease virus, m) 



Plate 9 

Fig. 7, Newcastle disease virus (strain B) washed and resuspended in water. 
X 18,000. 

Fig. 8. Same at 0.05 m NaCl. X 18,000. 

Fig. 9. Same at 0.10 xi NaCl. X 18,000. 

Fig. 10. Same at 0.15 m NaCl. X 18,000. 

Fig. 11. Same at 0.20 m NaCl. X 18,000. 

Fig. 12. Same at 0.25 m NaCl. X 18,000. 
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INTRODUCTION 

Many bacteria produce substances capable of causing fever when injected 
into animals, and it seems possible that the fever accompanying acute infections 
may be attributable in some cases to a pyrogen produced by the infecting 
organism (1,2). In the case of the fever following the intravenous injection of 
a pyrogenic substance such as typhoid vaccine, the time lag of 30 to 60 minutes 
before any rise in temperature suggests, as Beeson points out (3), that the 
pyrogen does not act directly on the hypothalamus. Since pyrogens are potent 
toxins, producing widespread tissue damage (4), it may be that their fever- 
promoting effect is secondary to injury. 

The mechanism of the remarkable tolerance to the pyrogenic action of 
typhoid vaccine acquired by patients receiving multiple intravenous injections 
of this material for therapeutic purposes (5, 6) was studied by Beeson (3, 7). 
In 1947, he reported experiments demonstrating that rabbits acquire this 
tolerance readily and that an animal tolerant to one bacterial pyrogen is also 
insensitive in some degree to pyrogens produced by other organisms. The 
development of tolerance to a pyrogen was shown to be independent of the 
temperature rise following its injection, and mechanically induced fever failed 
to produce any tolerance. Beeson further showed that this tolerance is ap- 
parently dissociated from specific antibody formation and that the probable 
mechanism is an increase in the ability of the reticulo-endothelial system to 
retnove the pyrogen from the circulation and thus prevent its temperature- 
raising effect. Tolerance is of short duration, being lost in 3 weeks. 

K there exists any connection between the fever of acute infections and that 
produced by pyrogens of the infecting bacteria, animals convalescent from in- 

* The opinions expressed in this report arc to be construed as those of the author alone and 
do not reflect those of the Naval Medical Corps or the naval service at large. 
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fection might be expected to show tolerance for pyrogen. The present study 
was undertaken in an effort to define this relationship. 

Though the amounts of pyrogen produced by bacteria of various types vary 
widely, it is generally true that the Gram-negative bacilli are the most potent 
producers of fever-promoting substances while the Gram-positive cocci are the 
least thermogenic (1). Therefore, the two infecting organisms chosen for this 
study were a Gram-negative bacillus and a Gram-positive coccus. 

Materials and Methods 

Animals . — Male New Zealand white rabbits weighing 2400 to 3100 gm. were used. They 
were caged in an air-conditioned room at 70° F. throughout the stud}'. During tests invoking 



Fig. 1. Typical fever curve of an animal infected intradcrmally with Type I pneumococcus 
and allowed to recover without treatment, compared with fever curve of an animal with simi- 
lar infection treated with penicillin on the 5th day of illness. 

the injection of a pyrogen, they were placed in individual stalls and, after three rectal tempera- 
tures had been taken at 30 minute intervals to establish a normal level, the pyrogen was in- 
jected into the marginal car veins. Rectal temperatures were then recorded every - 30 minutes 
for 7 hours. 

Infections . — Type I pneumococcus and Escherichia colt were used to produce infections in 
rabbits. The strain of pneumococcus was one obtained from the National Institute of Health 
and had been maintained in brain-heart infusion broth with weekly mouse passage. The 
intravenous injection of 9 billion of these organisms killed by heating at 60’ C. for 30 minutes 
produced no significant temperature rise in rabbits. After the skin of the dank had been 
shaved, dermal pneumococcal infection of the type described by Goodncr (S) was produced by 
the intracutancous injection of 0.1 ml. of an 18 hour broth culture. The resulting infection 
was accompanied by high fever, and two-thirds of the infected animals died. In the surviving 

animals, fever ended by crisis on the 6th to 9th day. Ten animals were given 5,000 units o. 
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penicillin intramuscularly every 4 hours on the 5lh day of illness with 100 per cent reco\ ery 

(Fig. 1). 

Several strains of E. coti were tested for pathogenicity in rabbits with little success until a 
strain known to produce fatal peritonitis in mice was subjected to repeated passage in mice. 
Preliminary experimentation showed that the intraperitoncal injection of 1.0 ml. of an 8 hour 
broth culture of this organism in rabbits produced an illness accompanied by high fever with a 
duration of 7 to 8 days (Fig. 2). Approximately two-thirds of the animals thus infected sur- 
vived. 

Rectal temperatures of infected animals were recorded every 8 hours until a normal level 
(below 103.4° F.) was reached and maintained for at least 24 hours. 

Pyrogenic Materials . — Two pyrogenic agents were used, Salmonella lyphi and E. coli killed 
by heat. The dosages of these materials were adjusted so that each would cause marked 
pyrexia in rabbits without fatalities. The typhoid vaedne contained about 125 million Sal- 



tOml.of Bhr.broth cutture 
erf E-Coti introperHoneally 

Fio. 2. Typical fever curve of an animal ill with peritonitis due to E. coli. 

6 

mondla lyphi organisms per ml. and was usually given in a dose of 1.0 ml. The comparable 
dose of E. coli was 300 million organisms in 1.0 ml. of physiologic saline. 

All needles and glassware were sterilized in an oven at 170’ C. for 3 hours to destroy any 
contaminating pyrogen. The physiologic saline used was tested frequently and was always 
pyrogen-free. 

Method of Recording Results .— Following a method similar to that of Beeson, the tempera- 
ture records after pyrogen injection were plotted on % inch graph paper and, using the tem- 
perature at the time of injection as a base line, the area beneath the curve was measured with a 
KeuBel and Esser compensating planimeter, No. F4236. The vernier reading of the planim- 
ctcr was taken as the “fever index," an expression of the height and duration of the fever. 

RESULTS 

. Response lo Single Injection of Pyrogen— Forty-five animals received one 
injection of typhoid vaccine. The fever indices ranged from 92 to 193 with a 
mean of 128.4. Twenty-four animals were given one injection of E. coli 
vaedne. The fever indices of these animals varied from 98 to 200 with a mean 
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of 153.1. The first column in Fig. 3 shows the distribution of the fevers in 
these animals. 

Effect of Repeated Injections of Pyrogetis . — Twelve animals received daily 
injections of typhoid vaccine for 4 weeks. Beginning on the 4th day, a marked 
diminution in febrile response to the injections appeared. This reduction 
occurred both in height and duration of the fever. At the end of 4 weeks, each 



Fig. 3. Distribution of fevers recorded in animals at various times during the course of 
daily injections of 1.0 ml. of 5. typhi (circles) or E. coli (crosses) vaccine. 

of the animals tolerant to typhoid vaccine was given an injection of E. cell 
vaccine and the temperature response was recorded; they were also insensitive 
to the E. coli pyrogen, the fever indices for the group averaging 31.3. After 
a 3 week rest period, six animals received typhoid and six received E. colt 
vaccine; all tolerance had disappeared (Fig. 4). 

Twelve animals were given daily injections of E. coli vaccine for 4 weeks. 
Again beginning on the 4th day, a marked lessening in the height and duration 
of the fever was apparent. At 4 weeks, these animals received typhoid 
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vaccine and exhibited tolerance for this material, their fever indices averaging 
32.6. After a rest period of 3 weeks, six animals were given E. coli, and six, 
typhoid vaccine. All tolerance had disappeared during this interval (Fig. 5). 



Fig. 4. Average fever indices in two groups of six rabbits given 1.0 ml. of S. typki vaccine 
daily for 4 weeks. Note that by the 4th day the febrile responses had dropped almost to the 
level reached at the 28th day. On the 29th day, both groups received 1.0 mL of E. coli vac- 
cine, with only slight increase in the fever indices, indicating their tolerance for this pyrogen 
as well. The increased response to both vaccines after a rest period of 3 weeks indicates loss 
of tolerance with discontinuance of daily injections. 

This study was repeated, employing smaller doses of pyrogen. One ml. of 
the 1:10 dilution of typhoid vaccine contained 12.5 million bacilli; the E. coli 
vaccine was also used in a dose of 1.0 ml. of a 1:10 dilution, or 30 milion 
bacilli. With repeated injections, animals developed tolerance to these 
smaller doses (Fig. 6). 

Effect oj Pneumococcal Infection upon Response to Pyrogens . — Ten animals 
surviving infection with Type I pneumococcus received 1.0 ml. of typhoid vac- 
cine 24 hours after their temperatures had returned to normal, and a second 
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injection 3 weeks after infection since any tolerance resulting from infection 
would have disappeared by this time. Five of the animals in tliis group had 
recovered from the infection without treatment and five had received penicillin 
on the 5th day. There was no evidence of any tolerance to typhoid vaccine in 



Time In days 

Fig. 5. Average fever indices of two groups of sis animals showing development of toler- 
ance to daily injections of E. coli vaccine over a period of 4 weeks, with slight rise in fever in- 
dices when S. typht vaccine was substituted on the 29th day. Again the high fevers in re- 
sponse to both vaccines after 3 weeks indicate the disappearance of pyrogen tolerance. 

any of these animals, the indices averaging 154.1 at 24 hours and 153.5 at 3 
weeks (Table I). 

A second group of animals surviving dermal pneumococcal infection showed 
no tolerance to 1.0 ml. of E. coli vaccine. The fever indices averaged 133.4 
at 24 hours and 140.3 at 3 weeks (Table II). 

Effect of E. coli Infection upon Response to Pyrogens . — Twelve animals 
surviving E. coli peritonitis were given 1.0 ml. of typhoid vaccine 24 hours and 
again 3 weeks after their temperatures had returned to normal. There was no 
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Fig. 6. Average fever indices of two groups of six animals, one receiving 0.1 ml. of E. coli 
vaccine daily for 4 weeks and the other a similar dose of 5. lyphi vaccine. Note the develop- 
ment of tolerance to these smaller amounts of pyrogen with loss of tolerance after discontinu- 
ance of injections for 3 weeks. 

TABLE I 


Response of Ten Animals, Convalescent from Dermal Infection vith Type I Pneumococcus, to 
Infection of 1,0 Ml. of Typhoid Vaccine 24 Hours and 3 Weeks after Return of Temperatures 

to Normal 


Animal No. 

PenlalUn on 

5th day 

Duration of 
infection 

Fever index 24 hrs. 
after recovery 

Fever index 3 wks. 
after recovery 



dey j 




Yes 

6 

168 

156 

90-38 

Yes 

6 

134 

153 

9047 ! 

Yes 

6 

213 

178 

9040 

Yes 

6 

126 

133 

65-26 

Yes 

6 

128 

112 

62-16 

No 

8 

140 

135 

A0-01 

No 

7 

145 

1S2 

A0-02 

No 

8 

157 

163 

AO-04 

No 

8 

179 

ISO 

AO-06 

No 

7 

151 

173 

Average 

154.1 

153.5 


evidence that the infection had produced any tolerance to the S. typhi pyrogen, 
the fever indices averaging 161.3 at 24 hours and 162.5 at 3 weeks. This 
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experiment was repeated with twelve animals, using E. coli vaccine instead of 
typhoid. The fever indices, which averaged 166.6 at 24 hours and 168.0 at 3 

TABLE II 


Response of Ten Animals, Convalescent from Dermal Pneumococcal Infection, to Intravenous 
Injection of 1.0 Ml. of E. coli Vaccine 24 Hours and 3 Weeks after Return of Temperatures to 

Normal 


Animal No. 

Penicillin on 

Sth day 

Duration of 
infection 

Fever index 24 hrs. 
after recovery 

Fever index 3 wks. 
after recovery 



days 



A2-32 

Yes 

6 

98 

130 

A2-33 

Yes 

6 

127 

140 

A2-34 

Yes 

6 

171 

154 

A2-35 

Yes 

6 

163 

160 

A2-36 

Yes 

6 

128 

144 

A2-23 

No 

6 

113 

142 

A2-25 

No 

8 

122 

138 

A2-29 

No 

8 

' 104 

109 

A2-30 v 

No 

7 

161 

147 

A2-31 

No 

8 

147 

139 

Average 

133.4 

140.3 


TABLE III 


Response of Twelve Animals to Injection of 1.0 Ml. of Typhoid Vaccine 24 Hours and 3 Weeks 

after Recovery from E. coli Peritonitis 


Animal No. 

Duration of 
infection 

Fever index 24 hrs. 
after recovery 

Fever index 3 wks. 
after recovery 


days 



45-51 

7 

211 

194 

45-52 

.8 

114 

143 

45-54 

9 

168 

19S 

45-55 

7 

127 

136 

45-58 

7 

156 

163 

45-59 

9 

147 

151 

45-60 

9 

171 

160 

45-61 

8 

187 

172 

45-62 

9 

193 

147 

45-66 

7 

13S 

156 

45-67 

9 

171 

142 

45-6S 

S 

153 

18S 


161.3 

162.5 


weeks, demonstrated that active infection with the colon bacillus had produce 
no tolerance to the fever-promoting effect of this dose of pyrogen derived from 
the same strain (Tables 111 and IV). 
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Smaller doses of pyrogen were given to animals surviving E. coli peritonitis. 
Six convalescent animals received 1.0 ml. of the 1 : 10 dilution of typhoid vaccine 


TABLE IV 

Response of Twelve Animals to Injection of 1.0 Ml. of E. coli Vaccine 24 Hours and 3 Weeks 
after Recovery from E. coli Peritonitis 


Animal No. 

Duration of 
infection 

Fever index 24 brs. 
after recovery 

Fever index 3 wkj. 

{after recovery 


ioys 



45-71 

8 

197 

143 

45-73 

9 

156 

203 

45-77 

7 

188 

181 

45-78 

8 

173 

184 

45-79 

8 

162 

190 

45-81 

9 

141 

128 

45-82 

9 

157 

151 

45-83 

7 

168 

172 

45-86 

8 

214 

192 

45-87 

8 

162 

198 

45-88 

9 

130 

136 

45-89 

7 

151 

138 


166.6 

168.0 



TABLE V 


Response of Twelve Animals to Injections of 0.1 Ml. of Typhoid or E. coli Vaccine 24 Hours and 
3 Weeks after Recovery from E. coli Peritonitis 


Animal No. 

Duration of 
infection 

Pyrogenic material 
used 

Fever index 24 hrs. 
after recovery 

Fever index 3 vrfca. 
after recovery 


dayt 




90-35 

8 

5. lyphi 

81' 

76 

90-36 

9 

if « 

93 

74 

90-37 

7 

u tt 

88 

94 

90-38 

8 

(C n 

109 

108 

90-39 

8 

« <( 

76 

83 

90-40 

8 

« if 

104 

94 

90-44 

9 

E. coli 

110 

98 

9045 

9 

ft « 

91 

90 

9046 

7 

U (t 

69 

79 

9047 

7 

Ci II 

78 

73 

9048 

9 

II ti 

87 

106 

9049 

8 

II II 

93 

88 

Average 

89.0 

88.6 


at 24 hours and 3 weeks and six animals received 1.0 ml. of the 1 : 10 dilution of 
E. coli vaccine. There was no evidence that the infection had produced toler- 
ance for these smaller amounts of pyrogen (Table V). 
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Effect of Concomitant Infection upon Development of Tolerance to Repealed 
Injections of Pyrogens. — Twelve rabbits with E. coli peritonitis received daily 
injections of 1.0 ml. of the 1:10 dilution of typhoid vaccine throughout the 
course of the infection. It was necessary to use the smaller dose of pyrogen in 

TABLE VI 


Response of Seven Animals , Given Daily Injections of 0.1 Ml. of Typhoid Vaccine during the 
Course of E. coli Peritonitis, to a Repealed Dose of Vaccine 24 Hours and- Again 3 Weeks 

after Recovery from Infection 


Animal No. 

Duration of 
infection 

Fever index 24 hrs. 
after recovery 

Fever index 3 wts. 
after recovery 


days 



91-26 

8 

21 

81 

91-28 

9 

32 

106 

91-29 

7 

17 

92 

91-33 

6 

19 

73 

91-34 

9 

27 

112 

91-36 

8 

17 

68 

91-37 

9 

28 

99 

Average 

23.0 

90.1 


TABLE Vn 


Response of Five Animals Given Daily Injections of 0.1 Ml. of E. coli Vaccine during the Course 
of E. coli Peritonitis, to a Repealed Dose of Vaccine 24 Hours and Again 3 Weeks after 

Recovery from Infection 


Animal No. 

Duration of 
infection 

Fever index 24 brs. 
after recovery 

Fever index 3 wks. 
after recovery 


days 



, 91-40 

9 

25 

S4 

91-44 

S 

31 

78 

91-48 

7 

11 

91 

91-49 

9 

27 

77 

91-51 

8 

24 

S2 

Average 

23.6 

82.4 


these studies in order to obtain survivors since the combination of the peritonitis 
and the larger doses almost invariably caused hyperpyrexia and death. The 
temperatures of the seven surviving animals had returned to normal in 7 or S 
days. 24 hours and again 3 weeks after recovery, the injection of typhe* 1 
vaccine was repeated (Table VI). The fever indices at 24 hours were low 
(average, 23.0), indicating that the animals were capable of developing tolerance 
to pyrogen in the presence of infection. This tolerance had disappeared m a 
weeks (average, 90.1). In a similar experiment using E. coli vaccine, the tc\cr 
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indices of the five surviving animals averaged 23.6 at 24 hours and 82.4 at 3 
weeks, indicating the development of tolerance to the E. coli pyrogen during the 
infection, and its subsequent loss (Table VTI). 

DISCUSSION 

The results presented above confirm the finding of Beeson that rabbits will 
become tolerant to bacterial pyrogens if given a course of daily injections. 
Animals tolerant to one pyrogen are also insensitive in large measure to pyro- 
gens produced by other organisms. The duration of the tolerance is less than 
3 weeks. 

Although fever accompanying various types of disease is attributable in a 
general way to some imbalance of the temperature-regulating centers, the 
mechanism involved is poorly understood. In cases of brain trauma or in- 
creased intracranial pressure, mechanical stimulation undoubtedly plays a 
part. Whether there is a common factor underlying the fever of such varied 
conditions as acute infections, hemolytic crises, serum sickness, rheumatic 
fever, pernicious anemia, neoplasms, hepatic failure, trauma, and myocardial 
infarction is not definitely known. The presence of tissue injury is a charac- 
teristic of all these states and it seems possible that some product of cell damage 
or altered cell metabolism may act on the hypothalamus to produce fever 
accompanying them. Menkin (9) has isolated from inflammatory exudates a 
substance which he considers responsible for the fever accompanying acute 
inflammatory states. This material he terms pyrexin and describes as a 
product of cell injury. His work has not been confirmed up to this time. 

The failure of animals infected with Type I pneumococcus to show tolerance 
for pyrogens after recovery is not surprising, since this organism produces little 
or no pyrogen demonstrable by the methods used in tins study. The failure of 
actual febrile infection with the colon bacillus to produce tolerance for pyrogens 
in rabbits seemed to indicate that the pyrogen produced by this organism plays 
little or no part in the production of the fever accompanying infection or that 
the conditions necessary for the development of this tolerance are not present 
during infection (perhaps due to some effect on the reticulo-endothelial system). 
Animals receiving repeated pyrogen injections during infection, however, de- 
veloped tolerance in the usual fashion. Thus, if seems probable that the pyro- 
gen produced by E. coli is not the primary' factor responsible for the production 
of fever accompanying infections with this organism. 

According to the hypothesis that fever of infection is caused by some product 
of cellular injury, the failure of E. coli infection to confer tolerance to the 
fever-promoting eflect of its pyrogen may be explained by ass umin g that the 
pyrogen itself is not the primary cause of tissue injury in infection, though the 
introduction of a comparatively large quantity of pyrogen directly into the 
blood stream brings about enough cell injury to cause fever. 
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These findings, then, apparently represent another example of the dimcaltv 
irequently experienced in correlating the manifestations of disease with proper- 
ties ot specific tome tractions ot the causative organism. 


STBBLtABv AKD COKCLrSIOKS 


The relationship between the fever of acute infection and that following 
injection of bacterial pyrogen was studied by administering nvrogens to animals 
convalescent from acute infections. 


Rabbits summing dermal pneumococcal infections or peritonitis due to 
Escherichia car, were given intravenous injections of typhoid or E. col: vaccine. 
They showed no evidence of tolerance to the fever-promoting effect of these 
pyrogenic materials. 

Tolerance did develop in infected animals given daily pyrogen injections 
during the course of the infection. 

Certain previous observations upon the ability- of rabbits to develop tolerance 
to pyrogens, the broad nature of the tolerance, and its duration were confirmed. 

It is concluded that the pyr ogen produced by certain bacteria plays little 


or no role in the production oi the fever of infection. 

These findings are compatible with the hypothesis that there is a common 
factor, perhaps a product of cell injury, underlying the fever accompanying 
diseases of various types. 
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OBSERVATIONS ON THE FEVER CAUSED BY BACTERIAL 

PYROGENS 

n. A Study or the Relationship between the Fevers Caused by 
Bacterial Pyrogens and by the Intravenous Injection . 
op the Sterile Exudates op Acute Inflammation* 

Bv IVAN L. BENNETT, Ja., M.D. 

Lieutenant (/-£•)» Medical Corps Reserve, United States Naval Reserve 
{From the Naval Medical Research Institute, Bethesda) 

(Received for publication, May 3, 1948) 

INTRODUCTION 

Menkin (1) has isolated from sterile exudates in dogs a material closely 
associated with the euglobulin fraction which causes a febrile response when 
injected intravenously in rabbits. This substance he described as a product 
of cell injury and termed pyrexin. He attributed the fever accompanying 
acute inflammatory states to the action of pyrexin produced at the site of 
inflammation. Menkin’s work is open to the criticism that he failed to men- 
tion precautions against the ever present danger of contamination with bacterial 
pyrogens during the process of fractionating the exudate. The sterility of 
the whole exudate and the fractions derived from it is only one indication of 
freedom from such contamination, since pyrogens are heat-stable and can 
cause fever in extremely small quantities (2, 3). 

If the fever-promoting effect of sterile exudates is due to the presence of 
bacterial pyrogen, animals receiving a course of daily injections of an exudate 
should develop tolerance for this effect and should also show comparative 
insensitivity to the effects of other pyrogens (4, 5). The present study was 
undertaken in an attempt to define the relationship between the fever fol- 
lowing injection of exudates in rabbits and that caused by bacterial pyrogens. 

Materials and Methods 

Sterile exudates were produced in dogs by the intrapleural injection of 1.5 to 2.0 rot of 
turpentine as described by Menkin (6). Following the injection of this irritant, daily thora- 
centeses were performed and about 15 ml. of chest fluid was withdrawn for examination. 
Clotting was prevented by the addition of heparin. Cultures were made immediately in 
thioglycollate broth, the pH was tested, and smears were examined for bacteria and differential 
cell count. The cultures were examined after 24 and 48 hours of incubation and any exudate 

* The opinions expressed in this report are to be construed as those of the author alone and 
do not reflect those of the Naval Medical Corps or the naval service at large. 
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sho /- i_s evidez.cs cf bacterial contamination was discarded. The pvrczezidiv 
exrdate was tested each day by intravenozs injection iz rabbits. 


cf the whole 


As MenHn described (1,6), with progression of the indai — ' --tn—f process, the reaction cf 
the exrdate, in most cases, changed from alkaline to add within 4 to 6 days. The csUnlar 
content consisted almost entirely of polymorphoncrlear leucocytes at Erst bnt this gradnaZy 


ga'i-s way to a predominance of mononnclear cells by the time that the Enid had become add. 
V/ it hfn 24 to 4-3 honrs after tbe exn dates became add, thsv nsnally caused deEnite febrile 


responses in rabbits. However, three of nine add emdates failed to prodnce fever and. cn 
one occasion, an exudate with an alkaline reaction proved to be pyrog enic 

P.ectai temperatures and drcnlating Iencocyte counts were recorded twice daily in cccs 
injected with turpentine. These followed a fairly consistent pattern (Fig. 1) Fever generally 



6* E-tuecW pci ejrzty.m c 
St Et.ecM £-i~zymc 

Fig. 1. Rectal temperature and drcnlating lercocytes in a dog given terpentine intra- 
plenrally on the 4th day. Mote that the dog’s temperatrre had retraced to norma! fcy the 
time that the exudate had become pyrogenic. The sudden crop in lercocytes on the 7tn 
day, 24 hours before the appearance of the fever-promoting factor in the chest Emc, e 
characteristic. 


lasted abort 3 days. By the time the fever-promoting factor corld be demonstratec in tee 
chest Enid, the dog's temperature had retraced to coma!. The drcrlatmg lezroo ,es 
increased in number after administration of terpentine and this in-crease persisted tea a c ~ ~ 
days, after which there was a sadden sharp drop abort 24 honrs before the exrdate heca — e 
pyrogenic. This sedden fall in Iencocyte com: almost invariably preceded the appeara-.ee 
of the fever-pro mo ting factor in the chest Enid and came to be recognised as a rehable sign a 


its presence. , t . 

V/Tien an exrdate had been shown to be pyrogenic and crltcres were negative, tccrarez--— 
was performed and as ranch cf the Enid as corld be withdrawn was collected in sterile, pyrcge_- 
free glass containers and stared at 4"C. Over periods as long as 2 months, no dimmers- was 
observed in the fever-promoting property of Erics so stored. No attempt was mace >•= 
separate variors components chemically. 

* Tem-o- trees of rabbits followers injection of exr dates or bacterial pjrogers were recc.-e- 
everv 20 mirrtes for 7 borrs and a ‘never index” (5) competed to ramutate compamcc a 
responses. The bacterial pyrogens employed were typhoid and Zzckr,:hz.z ccU racemes- 
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RESULTS 

Comparison of Fever Curves Produced by Injection of Exudate and by Injection 
of Bacterial Pyrogen.— The febrile response in rabbits following the injection 
of chest fluid differed from that following the injection of a bacterial pyrogen 
in that after a brisk rise to a peak at 1| to 2 hours, there was an abrupt fall 
of the temperature to the initial level within 3 1 hours. Though larger doses 
of the exudate could raise the peak of the fever, the duration of the elevation 
remained the same. With bacterial pyrogen, the response is prolonged, the 



Fig. 2 Fig. 3 

Fig. 2. Mean fever curves obtained in a group of four rabbits after administration on 
successive days of 0.1 ml. of S. typhi vaccine, 2.0 ml. of exudate, and 5.0 ml. of exudate. Note 
the rapid rise and fall after injections of exudate as compared to the prolonged response after 
the bacterial pyrogen. 

Fig. 3. Comparison of the response of six animals to daily injections of exudate with the 
progressive diminution in response of six animals given daily injections of bacterial pyrogen. 

temperature sometimes failing to return to the base line within the observation 
period of 7 hours (Fig. 2). 

Effects of Repeated Injections of Exudates in Normal Animals. — Three groups 
of rabbits received daily injections of 2.0 ml. of whole exudate for from 10 to 
21 days. In sharp contrast to the diminishing response to daily injections of 
bacterial pyrogens, there was no evidence that tolerance to the fever-promoting 
property of the exudates developed in these animals (Fig. 3). 

Effect of Exudates in Animals Tolerant to Bacterial Pyrogens. — Six a nim als 
rendered tolerant by daily injections of 0.1 ml. of typhoid vaccine for 14 days 
were given 3.0 ml. of exudate intravenously on the 15th day. In normal 
animals, the fever bdex followbg injection of this amount of exudate ap- 
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proximatea that resulting from 0.1 ml. of this vaccine. There was no evidence 
of tolerance to the exudate, since all animals responded with brisk fevers. 



Time in tcys 

Fig. 4. Failure of two groups of annuls rendered tolerant to bacterial pyrogens by csBj 
ejections for 14 days to snow tolerance for tie fever-promoting action of erudite given on 
the 15th day. 



Fig. o- Chart showing febrile responses of six animals given daily injections of bacteaa- 
pvronen until tolerance appeared, then given daily injections of exudate for 3 weeks. At the 
end of this tire, the high fever, after a repeated injection of bacterial pyrogen, in mated that 
the daily injections cf exudate failed to maintain tolerance in these animals. Tolerance ter 
bacterial pyrogens is normally lest in about 3 weeks. 


This exp-erhnent was repeated with animals made tolerant to E. eds vaccine 
and again no tolerance to the temperature-raising effect of the exudate was 
noted (Tig. 4). 
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Finally, a group of animals tolerant to typhoid vaccine received intravenous 
•injections of 3.0 ml. of exudate daily for 21 days. Tolerance to bacterial 
pyrogens normally lasts about 3 weeks (4, 5). At the end of this time, a 
repeated injection of typhoid vaccine was followed by high fever, indicating 
that tolerance for this bacterial pyrogen had not been maintained by daily 
injections of the exudate (Fig. 5). 


DISCUSSION 

These findings confirm Menkin’s observation that there is present in the 
chest fluid of dogs given an intrapleural injection of turpentine a substance 
which causes definite febrile response in rabbits. 

The failure of rabbits to develop tolerance to repeated injections of sterile 
exudates, the failure of animals tolerant to bacterial pyrogens to show tolerance 
to the fever-promoting effect of these exudates, and the failure of repeated 
injections of exudate to maintain tolerance for bacterial pyrogen, indicate 
that the production of fever by these exudates is not due to contamination 
with bacterial pyrogen. The shorter duration of the febrile response following 
the injection of exudate as compared with that following administration of 
bacterial pyrogens furnishes additional evidence that the substance in the 
exudate which causes fever is not a bacterial product. 

The fact that the exudate itself is not pyrogenic until the dog’s temperature 
has returned to normal makes it difficult to attribute the dog’s fever to absorp- 
tion of this substance. 1 Further studies of this apparent inconsistency are 
under way. The significance of the sudden drop in circulating leucocyte 
count shortly before the appearance of the fever-promoting factor in the chest 
fluid is also under investigation. 

SUMMARY AND CONCLUSIONS 

The relationship of the fever caused in rabbits by bacterial pyrogens to 
the fever produced by the injection of the sterile exudates of acute inflamma- 
tion was investigated by recording the responses of normal and pyrogen- 
tolerant animals to injections of exudate. Exudates were produced by the 
intrapleural injection of turpentine in dogs. 

The duration of the febrile response in rabbits after a single dose of exudate 
was found to be much shorter than the fever following an injection of bacterial 
pyrogen. 

Animals given daffy injections of exudate demonstrated no tolerance to 
its fever-promoting effect. 

Animals tolerant to bacterial pyrogens showed no diminution in responsive- 
ness to exudates. 

The intravenous injection of chest fluid in dogs also causes a febrile response. 
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Ijaiiy injection? nf caudate failed to establish tolerance to bacterial piToeen? 
in rabbits. 

It i? concluded that the iever-nromotinc property nf sterile ecu dates is not 
due to the presence nf bacteria! pyrogen. 
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STUDIES ON THE RELATIONSHIP OF PTEROYLGLUTAMIC 
ACID TO THE GROWTH OF PSITTACOSIS VIRUS 
(STRAIN 6BC)* 

By HERBERT R. MORGAN, M.D4 

{From the Thorndike Memorial Laboratory, Second and Fourth Medical Services 
( Harvard ), Boston City Hospital, and the Department oj Medicine, 

Harvard Medical School, Boston ) 

(Received for publication, June 2, 1948) 

The studies by Woods (1) on the relationship of £-aminobenzoic add (PABA) 
to the growth inhibitory action of the sulfonamides for bacteria have provided 
a useful tool for metabolic studies with PABA and related compounds such as 
pteroic add and pteroylglutamig (synthetic folic) add (PGA) which contain the 
PABA moiety (2, 3). Demonstration of the growth inhibitory effect of sulfa- 
diazine on psittacosis virus (strain 6BC) (4) and the subsequent studies showing 
that this inhibitory action was antagonized by PABA and PGA (5) suggested 
the usefulness of this system for a study of certain factors concerned in the 
growth of this virus. The present communication reports the results of experi- 
ments on the effect of PABA, pteroic add, PGA, and related compounds on 
sulfonamide inhibition of the growth of psittacosis virus and attempts to use 
this phenomenon to study certain possible synthetic activities of this virus. 

Since certain analogues of PGA 1 have recently become available, it was of 
interest to test them for their effect on growth of the virus and for their influ- 
ence on the inhibitory action of the sulfonamides since, in other systems, some 
of them behave like PGA (2) and others act as PGA antagonists (6, 7). 

Materials and Methods 

Psittacosis virus (strain 6BC) which had been repeatedly passed in eggs by the yolk sac 
route was used. A pool of infected yolk sacs was prepared in nutrient broth with a Waring 
blendor. Aliquots were placed in sealed glass ampoules and stored in the dry ice cabinet to 
provide a uniform inoculum for use in the experiments. This yolk sac suspension was titrated 
by injecting 0.25 mi. amounts of serial tenfold dilutions into the yolk sac of 6 to 7 day old 
embryonated eggs. The infected eggs were incubated at 35°C. for 10 days during which time 
deaths were recorded and the LDm titer calculated (8). Heaths occurring during the first 48 
hours were considered traumatic and disregarded. The day of death of the embryos showed 
an inverse correlation with the size of the infectious inoculum. For subsequent experiments, 
a dilution of the seed virus containing 10,000 LD, > doses in 0.25 ml. was used. 

The various compounds to be tested were dissolved in sterile distilled water for injection. 
The sulfadiazine was obtained as a sterile solution of the sodium salt (NaSD) and dosage was 

Aided by a grant from The National Foundation for Infantile Paralysis. - 
X Senior Fellow in Medical Sciences of the National Research Council. 

* Obtained through the courtesy of Ledcrle Laboratories. 

285 




HERBERT R. MORGAN 


287 


allantoic fluids after 2, 4, 6, and 9 days. With doses of PGA as large as 10 mg. 
per egg, the yolk and allantoic fluids contained no free PABA after the same 

TABLE I 


Determination of the Minimal Inhibiting Dose of NaSD on the Growth of Psittacosis Virus 

(Strain 6BC) in Eggs 


NaSD 

No. of egg! 

Survived 10 days* 

tni. 


Per uni 

5.0 

24 

96 

2.5 

29 

97 

1.25 

29 

90 

0.5 ' 

16 

82 

0.1 

25 

0 

0.05 

12 

0 

0.01 

22 

0. 

0 

8 

0 


* 10,000 LDm vims injected via yolk sac. 


TABLE H 


Effect of PABA and PGA on the Growth Inhibition of Psittacosis Virus (Strain 6BQ by NaSD 


NaSD 

Inhibitor 

No. of eggs 

Survived 10 days* 

Ptz. 

mg. 


fer ccnl 

2.5 

PABA 0.5 

12 

0 

it 

“ 0.03 

11 

0 

u 

“ 0.005 

12 

0 

it 

“ 0.001 

9 

55 

it 

“ 0.0005 


100 

it 

PGA 5.0 

12 

0 

it 

“ 0.5 

12 

0 

if 

“ 0.25 

11 

66 

if 

“ 0.01 

10 

100 

ll 

“ 0.005 

9 

100 

fi 

— 0 

12 

92 

0 

PABA 5.0 

8 

0 

0 

PGA 10.0 

10 

0 

Drug Controls* 

0 

PABA 5.0 

20 

95 

0 

PGA 10.0 

19 

95 


* 10,000 LD» virus injected via yolk sac. 
t Not infected. 


intervals of time. This evidence strongly suggests that PGA is not broken 
dot\ n with release of PABA to any appreciable extent and, therefore, that PGA 
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PABA and 5 mg. of PGA these compounds faded to show any effect on the 
protective action of 500 units of penicillin which gave an 80 per cent survival 
rate in embryos infected with 10,000 LDjo of psittacosis virus. This provides 
additional evidence for the specific nature of the metabolic interrelationships 
of NaSD, PABA, and PGA in the growth of psittacosis vims. 

Since liver extract as well as PGA has an important relationship to pernicious 
anemia, liver extract was tested in doses of 4.2 units (purified, Lilly) for possible 
antagonism of 2.5 mg. NaSD and was shown to be without any effect on the 
action of the drag. 

Type of Sulfonamide Antagonism Produced by PABA and PGA 
The previous studies of sulfonamide antagonism with bacteria had shown that 
PABA exerted a competitive antagonism on the sulfonamides, i.e. the amount 
of antagonist required bore a direct relationship to the dose of sulfonamide 
used, while PGA exerted its effect without regard to the amount of sulfonamide 
present (2, 3). It was of interest, therefore, to determine the nature of the 
action of these antagonists in the system being studied. Two doses of PABA 
and PGA, representing 2 and 10 times their minimal effective amounts for 2.5 
mg. of NaSD, were therefore tested against increasing amounts of NaSD. 
These data are presented in Table m. 

There is a direct relationship between the amount of SD used and the amount 
of PABA required to antagonize its inhibitory effect which demonstrates a 
competitive type of inhibition for PABA. On the other hand, once an effective 
dose of PGA is given, the dose of NaSD may be increased as much as 50 times 
without overcoming this antagonistic effect. Therefore, PGA exerts a non- 
competitive type of antagonism. 

Effect of Other Components of PGA on Sulfonamide Action 

Since PGA is composed of glutamic acid, PABA, and the pteridine nucleus, 
it was of interest to test components other than PABA for sulfonamide antag- 
onism. Glutamic acid and pteroic acid were available for testing. The pteroic 
acid had been purified so that it contained only 0.026 per cent of free PABA 
and 7 per cent of other pterin materials as contaminants. 2 Table IV presents 
the data obtained in these experiments. 

Results of these experiments show that glutamic acid in doses up to 10 mg. 
exerts no effect on the sulfonamide inhibition of virus growth while pteroic acid 
in 0.05 and 0.25 mg. amounts shows a competitive antagonistic effect. 

Effects of Certain Analogues of PGA on the Growth of Psittacosis Virus and 

Its Inhibition by NaSD 

The following analogues of PGA were tested: pteroyldiglutamic acid, pteroyl 
7-diglutamic acid, pteroyltriglutamic acid, pteroylaspartic acid, and 4-amino- 

1 Data furnished by Dr. C. \V. Waller of the Lederle Laboratories. 
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amounts of PABA present in this preparation. It had no effect on the growth 
of the virus in 10 mg. amounts. 

Attempts to study the effect of 4-aminopteroylglutamic add on the growth 
of the virus were difficult since this compound produced deaths in from 5 to 10 


TABLE V 

Effect of Analogues of Folic Acid, on the Grosclh of Psittacosis Virus and Its Inhibition by NaSD 


NaSD 

Inhibitor 

No. ot 

Survived 10 
days* 


«*• 



Per cent 

2.5 

Pteroylglutamicadd 

0.1 

s 

0 

K 

It tt 

0.5 

10 

0 

it 

Pteroyldiglutamic add 

0.1 

10 

10 

it 

tt tt 

0.5 

9 

0 

tt 

P tcroyl- 7 'diglu tami c add 

0.1 

10 

0 

it 

a u 

0.5 

10 

0 

it 

Pteroyltriglutamic add 

0.1 

8 

0 

tt 

« it 

0.5 

10 

0 

“ 

Pteroylaspartic add 

0.1 

10 

50 


ft tt 

0.5 

10 

0 

tt 

A-methylpteroic add 

0.5 

6 

66 

tt 

tt tt 

5.0 

8 

0 

0 

Pteroyldiglutamic add 

2.5 

8 

0 

0 

Pteroyl^y-diglutamic add 

2.5 

8 

0 

0 

Pteroyltriglutamic add 

2.5 

8 

0 

0 

Pteroylaspartic add 

10.0 

6 

0 

0 

A r -methylpteroic add 

10.0 

7 

0 

2.5 

— 

0 

12 

100 

0 

— 

0 

12 

0 


Drug amlrel si 


0 

Pteroyldiglutamic add 

2.5 

10 

100 

0 

Pteroyl-y-diglutamic add 

2.5 

10 

100 

0 

Pteroyltriglutamic add 

2.5 

10 

90 

0 

Pteroylaspartic add 

10.0 

9 

75 

0 

A-methylpteroic add 

10.0 

10 

100 


* 10,000 LD« virus injected via yolk sac. 
t Not infected. 


days in chick embryos when given in doses of 0.001 to 0.005 mg. When virus- 
infected eggs were given 3 injections of 0.002 mg. over a period of 7 days and 
the yolk sacs were harvested and titrated, the content of virus was about the 
same as in untreated and infected controls. Small doses of 4-aminopteroyl- 
glutamic add (0.002 mg.) combined with 0.25 to 0.01 mg. of NaSD gave no 
evidence of potentiating nor antagonizing the virus-inhibiting action of the 




LEPTOSPIROSIS IN CATTLE* 

By JAMES A. BAKER, D.V.M., and RALPH B. LITTLE, V.M.D. 

(From the Department of Animal and Plant Pathology of The Rockefeller Institute for 
Medical Research, Princeton, Nm Jersey) 

Plates 10 to 12 

(Received for publication, May 12, 1948) 

During a study of bovine mastitis in groups of Holstein, Guernsey, and Brown 
Swiss dairy cows in April, 1946, three animals were observed whose milk had a 
bloody or thickened yellowish appearance. The incidence of this condition 
increased markedly in May and occasional cases have continued to occur. The 
affected cows showed fever and rarely hemoglobinuria; a few showed inappe- 
tence and a lowered milk yield. 

The clinical manifestations and incidence indicated an infectious disease, 
and since bacteriological examinations of the milk revealed a mixed bacterial 
flora of no apparent etiological significance, attempts were made to transmit an 
infectious agent to laboratory animals. 

Transmission Studies in Laboratory Animals 

Guinea Pigs . — A stock of apparently healthy guinea pigs was moved into a 
constant temperature room which was maintained at 70°F. with 60 per cent 
humidity. Normal animals kept under these conditions never showed rectal 
temperatures exceeding 40°C. and readings above this were interpreted as 
fever. Groups of 2 or 3 guinea pigs weighing 250 to 350 gm. were each inocu- 
lated intraperitoneally with 1 to 5 cc. of freshly drawn abnormal milk There- 
after rectal temperatures were taken twice daily on all animals and daily weigh- 
ings made on selected groups. Defibrinated blood, obtained by heart puncture 
from guinea pigs showing fever, was inoculated into additional guinea pigs, as 
had been done for the original passage, with the exception that the size of ani- 
mals varied from 150 to 600 gm. 

A pathogenic agent was recovered from each of 5 specimens of abnormal 
milk, 3 of which were taken at the height of the outbreak (C161 on May 27, 
1946, C162 on June 19, 1946, and C164 on June 19, 1946), another at the end 
of the outbreak (C168 on August 6, 1946), and the last from a single sporadic 
case approximately 3 months later (C181 on December 3, 1946). This agent 
when inoculated into guinea pigs and in animals of all sizes reg ular ly produced 
febrile reactions which began 3 to 5 days after inoculation and lasted 2 to 4 days 

* Presented in abstract form before the 25th Conference of Research Workers in Animal 
Diseases in North America, Chicago, Illinois, December 2, 1947. 
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(Text-fig. 1). These effects were observed consistently for 3 strains carried 
through 5 serial passages, for another through 25 passages, and for still another 
through more than 50 continuous transfers. No additional signs of infection 
were noted, with the exception of a slight loss of weight during the febrile 
period which never exceeded 10 per cent of the total body weight. Five guinea 
pigs recovered from infection with each strain were given second inoculations 
with the homologous strain, and all of these animals proved immune. Similar 
groups of 5 guinea pigs each were then inoculated with different strains in com- 
plete reciprocal immunity tests. Each strain immunized against all of the 
others. 

Guinea pigs killed during the febrile period showed on autopsy scattered 
petechial hemorrhages in the lungs and minute white spots in the liver. His- 


Thcrral r esziion cf gjmes pig ir.ccelaled intrgptniir, tally with agent 



topathological examination of the lungs revealed alveoli filled with extravasatea 
blood (Fig. 1). Liver lesions represented areas of liver cell necrosis midzonallv 
located (Fig. 2); while sections of adrenals, spleen, heart, and kidneys showed no 
evidence of infection. Other guinea pigs killed after recovery showed essen- 
tially negative autopsy findings, with pigmented areas in the lungs as the onh 
evidence of previous lesions. 

Two uninoculated guinea pigs were placed in the same cage with 2 othe^ 
each of which had been given intraperitoneally 1 cc. of defibrinated blood from 
infected guinea pigs. The two inoculated animals were allowed to develop 
illness and to recover before their removal from the cage. The contact ani- 
mals after an observation period of 14 to 21 days failed to show signs of illness. 
They were then given the usual inoculation in a test for immunity. None vcie 
imm une. This experiment was repeated 4 times with consistent results, w cn 
indicated that in guinea pigs the disease did not spread by contact 
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Results obtained thus far indicated that an infectious agent had been secured 
in guinea pigs. Inoculation with this agent regularly caused definite signs of 
illness and lesions in the animals, regardless of size, and the disease did not 
spread by cage contact. Also, the infection resulted in complete immunity. 
A test for the agent therefore consisted of an initial intraperitoneal inoculation 
of guinea pigs and an observation period of 14 days, followed by a challenge 
inoculation with an established strain. This test was used in all of the work 
that follows. 

Eggs . — In attempts to transfer the agent to 8, 9, or 10 day embryonated eggs 
inoculations were made on each chorioallantoic membrane with 0.1 cc. of blood 
from infected guinea pigs. Serial transfer was conducted by inoculating as for 
original passage with either a 10 per cent suspension of chorioallantoic mem- 
brane in saline or chorioallantoic fluid. In all, 3 strains were tested in this 
manner. After 10 serial passages tests with each strain showed that the agent 
was present in 10 per cent suspensions of chorioallantoic membrane in saline, 
in 10 per cent embryo suspension in saline, and in chorioallantoic fluid. Serial 
transfers were continued with one strain through 50 passages and subsequently 
chorioallantoic fluid was inoculated into guinea pigs and calves. Typical signs 
and lesions were produced. As an additional test guinea pigs recovered from 
infection produced with this egg passage material were inoculated with the 
agent that had been maintained for more than 50 continuous transfers in guinea 
pigs. These animals proved immune. Inoculated eggs showed no definite 
signs of infection in early passages (1st to 10th) but thereafter most embryos 
died 7 days after inoculation, although they appeared to develop normally for 
5 days. 

Mice . — Each of a group of 5 mice was inoculated intraperitoneally with 1 cc. 
of infected chorioallantoic fluid that had been transferred serially for 8 passages. 
Five days after inoculation the mice were autopsied. A 10 per cent suspension 
of pooled spleens was prepared and inoculated into another group as described 
above. The presence of the agent could be demonstrated after 5 serial pas- 
sages in mice although all mice remained apparently normal and no lesions w r ere 
found on autopsy. 

Rabbits . — Each of 2 rabbits was inoculated with 1 cc, of infected chorioallan- 
toic fluid that had been serially transferred for 8 passages. Five days after 
inoculation 5 cc. of blood was removed by heart puncture from each rabbit, 
pooled, and 2 other rabbits were inoculated with it as described above. After 
5 serial passages tests showed the agent present in the blood of the inoculated 
rabbits. Temperature reactions similar to those obtained in guinea pigs were 
shown by all inoculated rabbits in each passage. Autopsies made during the 
febrile period on one rabbit from each series disclosed no gross lesions. 

Miscellaneous Animals. Inoculations were made subcutaneously with 1 cc. 
chorioallantoic fluid from infected eggs into each of 3 puppies (2, 4, and 8 weeks 
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old) and into 1 pig weighing 30 pounds. None of these animals showed in- 
creased temperature or other signs of illness. Each of a gioup of 6 hamsters 
"as inoculated intrapcritoncally with 1 cc. of dcfibrinated blood from infected 
guinea pigs; the strain used had been serially transferred through 89 passages. 
Of this group 3 died 9 to 12 days after inoculation. Autopsies showed hemor- 
rhages in tire lungs. The remaining hamsters showed pale shrunken kidneys 
when killed 25 days after inoculation. Similar results were obtained from 
another group of hamsters inoculated in the same manner with material that 
had been serially transferred through 12 passages. Tests for the infective agent 
were not made on any of these animals. 

Nature of the Etiological Agent 

Properties . — The greatest concentration of the agent was found in tire chorio- 
allantoic fluid from infected eggs 5 to 7 days after inoculation and this never 
exceeded 10,000 infective doses per cc. for guinea pigs. Using material of this 
sort, tests showed that the agent did not survive lyophilization and that freez- 
ing with dry ice caused at least a thousandfold loss in activity, while continued 
storage for 6 months under dry ice refrigeration resulted in complete loss of 
activity. Centrifugation at a speed of 24,000 r.p.m. did not remove the infec- 
tive agent from the supernatant fraction of the chorioallantoic fluid from in- 
fected eggs. In 2 separate tests of this latter, the agent was found to pass 
through Bcrkcfeld N filters. 

All attempts failed to demonstrate a cultivable agent in dcfibrinated blood 
from infected guinea pigs, or in chorioallantoic fluid from infected eggs, 
by inoculation of blood agar slant and sealed cooked meat medium incubated at 
37°C. Additional cultures made of chorioallantoic fluid from infected eggs in 
Fletcher’s medium showed no growth when incubated at room temperature 
(approximately 22°C.). Films of defibrinated blood from infected guinea pigs 
and chorioallantoic fluid from infected eggs stained by methylene blue, Gram s 
method, Giemsa’s method or Macchiavello’s method showed no visible forms. 

Demonstration of Spirochetes . — Preparations of blood and kidneys from in- 
fected guinea pigs infective for other animals showed no organisms upon dark- 
field examination (X 160). We are indebted to Dr. J. B. Nelson for staining 
the preparations of chorioallantoic fluid from infected eggs by Morosow s 
method, thus permitting the first demonstration of spirochetes. Later dark- 
field examinations of chorioallantoic fluid from some infected eggs showed m 
each field 3 to 5 spiral-shaped organisms that rotated rapidly on the long axis. 

In general, organisms were more readily found in eggs 5 days after inoculation 
and before death of embryos than 7 days after inoculation or following death o 
the embryos. A few forms were found also in blood from calves inoculate 
with chorioallantoic fluid from infected eggs. Examination of the urine from 
these calves showed no organisms although it was capable of infecting guinea 
pigs. 
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• Sections of kidneys from 5 calves inoculated with either chorioallantoic fluid 
from infected eggs or defibrinated blood from infected guinea pigs w ere stained 
by Levaditi’s method but showed no organisms. Films of blood and kidneys 
from infected guinea pigs stained by Morosow’s method showed no organisms. 
Preparation of chorioallantoic fluid from infected eggs or cultures similarly 
treated showed a few spiral-shaped forms (Fig. 3). 

Chorioallantoic fluid from infected eggs, blood from infected guinea pigs, 
blood from infected rabbits, blood from experimentally infected calves, and 
urine from experimentally infected calves after centrifugation at 10,000 R.P.U. 
for an hour were inoculated into tubes of semisolid meat infusion agar that con- 
tained either 10 per cent rabbit, calf, or horse serum. These cultures then were 
placed at 37°C., 30°C., or room temperature (approximately 22°C.). Darkfield 
e xamina tions made 3 days later showed a few spiral-shaped organisms in the 
tubes incubated at 37°C. After 2 weeks, examination of tubes placed at 37°C. 
revealed a diffuse growth in the top portion of the medium. Growth occurred 
also at 30°C. although it was more slow and required a month for similar de- 
velopment. No visible growth occurred at room temperature. 

The spiral-shaped organisms growing in culture were examined with the 
electron microscope. Measurements showed a diameter of 90 millimicrons and 
a length, commonly of 4 microns (Fig. 4), but varying from 4 to 16 microns 
according to the number and depth of spirals. No internal structure was re- 
vealed. 

Cultures of suspensions of organisms heated at S0°C. for 10 minutes showed no 
growth while those heated at 45°C. for 10 minutes grew. In 2 attempts, growth 
was obtained from Berkefeld N filtrates of a suspension of organisms. A sus- 
pension of previously motile organisms showed no activity after freezing with 
dry ice. Five guinea pigs which had been inoculated with 1 cc. of cultured or- 
ganisms transferred 5 times in media were reinfected 14 days later with 1 cc. 
of chorioallantoic fluid from infected eggs. All were immune. Similarly 5 
guinea pigs that had recovered from an infection produced with the agent main- 
tained in eggs were immune when tested with cultured organisms. 

Since the spirochete recovered in culture possesses physical and immuno- 
logical properties similar to the infective agent, it appears legitimate to assume 
that it came from the sick cows originally studied. 

The Experimental Disease in Cattle 

Production. Many of the cattle used came from an experimental herd main- 
tained by this department. Repeated observations on these animals showed 
no evidence of this or any other infection. Some animals were purchased lo- 
cally and observed for at least a week before use. In all, 5 lactating cows and 
18 calves of Brown Swiss, Guernsey, Jersey, and mixed breeds were used. 

Three of the cows were in their first milking period while the other 2 had had 
multiple lactations. The calves ranged in age from 8 days to 3 months. All 
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(c) subcutaneous injection of 1 cc. or cenbrinatsc bleed from infected guinea 
pigs (1 to 40 passages'), (c) subcutaneous injection of 1 cc. of chorioallantoic 
duff from infected ecus (5 to 50 passages'’. (V' subcutaneous infection of 1 cc. 
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of se mis olid culture medium that contained spirochetes serially transterred for 
1 2. 5. 6. or 7 passages, (d) intranasal injection of 10 cc. of chorioallantoic fiuid 
from the 6th to 16th serial passage in eggs, and (e) feeding of 25 cc. of chorio- 
allantoic fluid from the 10th to 40th serial passage in eggs mined with 1 liter of 
miT-. Infsctivitv of ail mo<rula was checked by inoculating 1 cc. intra- 
peritoneally into a guinea pig. Contact experiments were made by placing 
normal animals in pen contact with infected ones. All ani 
dailv for increased temperature or other signs of rim 


als were checked 
nimals which re- 


mained anparentlv normal were given a second inoculation subcutaneously with 
material from either infected guinea pigs or eggs. These results are summarized 
t- '"T'rKI** T 
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As can be seen in Table I, all 15 animals inoculated subcutaneously showed 
signs of illness. Three of 5 calves showed signs of illness following intranasal 
inoculation. The other 2 showed no signs of illness but were immune to a 
second inoculation given subcutaneously. Likewise 3 of 5 contact animals 
showed no signs of illness following exposure but subsequently were immune to 
subcutaneous inoculation, indicating that in these instances inapparent infec- 
tion must have occurred. The infection was not transmitted in 2 contact and 
in 2 feeding experiments. 

Features of the Illness . — Two lactating cows inoculated subcutaneously 
showed fever after an incubation period of 7 to 9 days. The findings in one of 
these animals are given in Text-fig. 2. Although these cows under experimental 



conditions had low milk yields, the amount of milk was decreased further during 
the febrile period to approximately one-half that obtained before inoculation. 
In addition the milk became thickened, yellow in color, and contained flakes 
that represented collections of leucocytes. Blood as observed in natural cases 
could not be seen in any of the milk samples but in other respects the samples 
resembled those obtained from naturally infected cows. In contact experi- 
ments 2 cows placed with infected suckling calves showed no signs of illness or 
alterations in the milk although one animal later proved to be immune. 
Another cow placed in contact with naturally infected animals also showed no 
signs of illness or alterations in the milk but developed immunity. 

Among 18 calves infected by subcutaneous or intranasal inoculation or by 
contact, 3 showed no signs of illness, 12 developed fever only, while 3 showed a 
n e reaction and later died. Except for those with inapparent infections a 
marked increase in temperature occurred 2 to 7 days after inoculation and 
Usted from 1 to 3 days. During the febrile period a slight anorexia was noted. 
AH animals appeared normal following termination of fever except those that 
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later died, l nose animals became rapidly and progressively worse, sheared 2 
subnormal temperature, and dies within 1 to 2 dal.'s. A hemoglobinuria sig- 
naled the approach of death. 

For additional studies, specimens of blood from 5 animals "ere examined 
tor total red ceils and leucocytes before, during, and after iilness. At the same 
time unne *.vas collected and tests were made tor albumin and microscopic ex- 
amination of centrifuged sediment. These results are shown graphically in 
Text-tig. 3 tor a calt a no are typical ct those studied. Ail calves shovred a mild 
ieucopenia during the febrile period. On the day that rite temperature became 
norma!, the unne showed albumin and large numbers of leucocytes which were 
found in the centrifused sediment. 



Pathology . — At the end of fever 7 calves were examined: 3 that died horn the 
infection and 4 that were killed. .All organs seemed normal except the kidneys 
which appeared congested. Perirenal edema was noted in 2 calves. In 
addition the kidneys of 4 calves showed small white spots diffusely scattered 
over the surface. These spots, frequently irregular in outline, were approxi- 
mately 1 mm. in diameter and appeared continuous with the norma! surtace. 
Section showed these spots extending either as wedges or as plugs into the cor- 


tical layer. The medullary" portion appeared normal. The bladder and its 
contents were not unusual except in the animals that died. Collections of 


red dish colored urine were noted. One Iactating cow and 6 calves that showed 
siens of illness were held for 14 days, given a second inoculation, and then killed 


after a further observation period of 14 days. Autopsies showed lesions in the 
kidnevs s imil ar to those seen in the early stages of the disease. Two calves 
that showed signs of illness were held 60 days after inoculation, then killed and 
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examined. White spots were found in the kidneys of one animal while the 
other showed no lesions. 

A group of one lactating cow and 3 calves that showed no signs of illness was 
killed 14 days after a second inoculation. Autopsies showed no lesions. 

A similarity of lesions in the kidneys among cows and calves in all stages of 
infection was found on histological examination. Widespread but focal in- 
volvement of the cortex and corticomedullary junction (Fig. 5) was noted and 
consisted of irregularly shaped patches of infiltrating cells predominantly mono- 
nuclear but mixed with varying numbers of eosinophilic polymorphonuclears 
(Fig. 6). Most tubules were destroyed in these patches. Tubules in the af- 
fected areas and at some distance away frequently contained masses of cells 
identical with those forming the infiltrates. Near the patches of cellular in- 
filtrates mononuclear cells were seen between tubules in areas normally occu- 
pied by peritubular capillaries. Glomeruli in general appeared normal with 
patent vascular coils, but there was some evidence of capillary damage indi- 
cated by deeply staining eosinophilic nuclei and leakage of protein into cap- 
sular spaces. Tubules throughout the cortex were generally well preserved 
except in areas of cellular infiltration. Tubular lumina, however, contained 
in many cases protein precipitates. Here and there proximal tubules showed 
smaller cells without nuclei and with a finely vacuolated cytoplasm. The distal 
and intermediate tubules seemed less affected. There were no significant 
changes in collecting tubules. 

Presence and Persistence of Spirochetes in Inoculated Animals . — Three cows, 
were inoculated subcutaneously, 2 with blood from infected guinea pigs and the 
other with chorioallantoic fluid from infected eggs. Tests made at the time of 
inoculation and during the subsequent febrile period showed the presence of the 
agent in both blood and milk during the febrile period in one of the cows that 
had been inoculated with blood from infected guinea pigs. The agent was not 
recovered in either blood or milk from the other 2 cows. In similar tests made 
on blood, milk, and urine from a naturally infected cow during the acute phase 
of illness, the agent was recovered from milk samples only. 

Tests made on all calves during the febrile period showed the agent in blood. 
From 2 calves, one inoculated subcutaneously with 1 cc. of defibrinated blood 
from an infected guinea pig and the other inoculated intranasally with 10 cc. 
allantoic fluid from infected eggs, tests for the agent were made daily on blood 
and urine from the time of inoculation through the febrile period and at 2 week 
intervals thereafter. These results, presented graphically in Text-fig. 3 for one 
calf ; showed the agent present in the blood 1 day before the onset of fever and 
during the febrile period. On the day the temperature became normal, the 
blood no longer contained the infective agent which, however, persisted for 53 
days m the urine. The other calf responded in a similar fashion. Additional 
studies on 3 calves during the incubation period, the febrile period, and a few 
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tana, Johnson (12) in Australia, and Mathews (13) in Texas, the diagnosis was 
made after autopsy by staining tissue sections of diseased cattle to identify the 
leptospira. Certain clinical types of these leptospiral infections appeared iden- 
tical with the natural disease observed in this outbreak but differed in most 
cases. Most significant was the fact that no abortion or icterus occurred and 
hemoglobinuria was rare although these features as well as the presence of 
leptospira in the kidney were reported by other workers. Since in our prelim- 
inary studies we were unable to demonstrate leptospira microscopically in 
kidney sections or culturally by the usual means of cultivation in Fletcher’s 
medium at room temperature and since there were additional differences as 
well, further search was made for the etiological agent. 

It was shown that the agent is a spirochete readily transmissible to guinea 
pigs, rabbits, embryonated eggs, mice, lactating cows, and young calves. Ex- 
perimentally produced infection in the natural host resulted in a -variation of 
obvious findings that ranged from a few cases of inapparent infection with nor- 
mal urine through the usual condition of fever with albuminuria to occasional 
hemoglobinuria and death. These manifestations may explain the observa- 
tions in the original outbreak of instances of hemoglobinuria and also the oc- 
casional animal in contact with natural cases that developed immunity without 
evidence of disease. The spirochete is not confined to the mammary gland but 
causes a generalized infection with subsequent localization in the kidney. In 
this organ the lesions and the infectious agent persisted for nearly 2 months, 
long after the latter had disappeared from the blood and after immunity had 
become established. 

The following facts have a bearing on the spread of this disease. There is 
strong reason to believe that some animals undergo a form of natural nasal 
inoculation. Urine that contains the spirochete may be excreted from a stand- 
ing animal onto a concrete bam floor, thereby causing a spray of droplets some 
of which in turn could be inhaled by nearby animals. This mode of infection 
might explain how a single animal could initiate the disease in a susceptible 
herd. This could have occurred in the outbreak herein reported, since the 
usual method of herd replacement was followed by constantly bringing in large 
numbers of animals from various regions of the United States. 

The leptospiras from cattle found in Russia, Palestine, and Australia have 
been reported to cause disease in man. This has not been shown for the spiro- 
chete studied in the present paper but, since this organism is present in milk, 
infection might occur through ingestion, although experimental calves did not 
become infected by this route. 

The agent was present in the blood during early stages and infection was 
produced by inoculation subcutaneously. Insect vectors therefore must be 
considered as a possible epidemiological factor and a search should be made for 
the reservoir hosts. 
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LEPTOSPIROSIS IN' CATTLE 


EXPLANATION OF PLATES 
Plate 10 

Photographs by Mr. J. A. Carlfle. 

Frc. 1. Lung from infected guinea pig shoeing hemorrhage into alveoli. Stained 
vrith polychrome methylene blue. X 112. 

Fig. 2. Liver from infected guinea pip. Note area of necrosis. Stained vrith 
polychrome methylene blue. X 1 12. 
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PLATE 10 

















P LA i E 12 

Fig. 5. Kidney from infected call killed 2S day; alter inoculation. Stained with 
polychrome methylene blue. X 112. 

Fig. 6 . Kidney from infected calf. Xote cellular infiltration and tubular damage. 
Glomerulus appears normal. Stained with polychrome methylene blue. X OSS. 



(Baker and Little: Leptospirosis in cattle) 






EPIDEMIC DIARRHEAL DISEASE OF SUCKLING MICE 

HI. The Effect of Strain, Litter, and Season upon tee 
Incidence of the Disease* 

By F. SARGENT CHE EVER, M.D., and J. HOWARD MUELLER, Ph.D. 

(From the Department oj Bacteriology and Immunology, Banard Medical School, Boston ) 

(Received for publication, May 29, 1948) 

An epidemic diarrheal disease of 2 to 3 weeks old suckling mice in the breed- 
ing colony of this laboratory has been described in previous papers (1, 2). No 
recognized bacterial pathogen was isolated from these animals and inflam- 
matory changes in the huge and small bowel were minimal or absent. The 
finding of intranuclear inclusion bodies in the epithelial cells of the villi of the 
small intestine (2) strengthened the supposition that the disease might be 
fundamentally one of viral origin. Before this theory could be subjected to 
adequate experimental trial an unfortunate accident in the animal house wiped 
out practically the entire colony. 

During the course of our work it was brought to our attention that diarrheal 
disease of suckling mice was endemic in the colonies of several other breeders. 
It was determined to introduce one or more of these strains of mice into our 
laboratory in order to study the occurrence of the diarrheal syndrome in these 
animals with an eye to determining whether the etiology of the disease was 
single or multiple. Furthermore it was of primary importance to determine 
the relative resistance or susceptibility of the various strains; for if a highly 
susceptible strain were discovered it would greatly facilitate the carrying out 
and evaluation of transmission experiments. Conversely the finding of a 
relatively resistant strain would permit us to supply the number of mice re- 
quired by the other activities of the laboratory with a minimum of loss. 

experimental 

The only survivors of our original (Harvard) stock that remained after the accident in 
the Animal House were nine females and one male which had been transferred prior to the 
event to an isolated room in the Medical School. Here they had been kept in dose contact 
with a littler of strain C white mice obtained from the National Institute of Health, Bethesda, 
Maryland, through the kindness of Dr. EL B. Andervont. Diarrheal disease had been 
endemic among the suckling mice of this colony for some time. When it was realized that 
further work under conditions identical with those thathad prevailed in 1944—45 was impossible 
because the few survivors of the original stock had already been exposed to the possibility of 
superinfection from an extraneous source, it was decided to introduce additional strains of 
mice without further delay in order to broaden the scope of the experiment. The four strains 
finally selected were: 

Aided by a grant from The National Foundation for Infantile Paralysis. 
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during the 2nd and 3rd weeks of life were obviously due to the effects of the 
diarrheal disease, the percentage of mice of any given litter that were weaned 
formed a fair index of the severity of the process. Mice dying during the 1st 

TABLE I 


Per Cent of Mice Weaned, by Strain 


Strain 

Born 

Weaned 

Per cent 


924 

546 

59.1 ± 1.62 


821 

589 

71.7 i 1.57 

c 

845 

527 

62.4 db 1.67 

CFW 

987 

501 

50.8 i 1.59 






3,577 

2,163 

60.5 db 0.82 




TABLE n 

Per Cent of Mice Weaned, by Litter 


Litters 

Born 

Weaned 

Per cent 


603 

i 221 

36.7 db 1.97 

2nd and 3rd 

1,599 

956 

59.8 ± 1.22 

4th and 5th 

1,375 

.986 

71.7 db 1.41 

Total 

3,577 

2,163 

60.5 ± 0.82 


TABLE HI 


Per Cent of Mice Weaned, by Month 


Period 

Born 

Weaned 

Per cent 

Aug.-Sept., 1946 ' 

144 

125 

I 87.7 db 2.74 

Oct.-Nov., 1946 

654 

240 

37.1 db 1.89 

Dec.-Jan., 1946-47 

997 

606 

60.8 db 1.55 

Feb.-Mar., 1947 

868 

469 

54.0 db 1.69 

Apr.-May, 1947 

604 

454 

75.1 db 1.76 

June-July, 1947 

252 

222 

88.1 ± 2.04 

Aug.-Sept., 1947 

58 

47 

81.0 i 5.15 

Total 

3,577 

2,163 

60.5 dz 0.82 


week of life were excluded from the calculations. To the number of mice dying 
between the 7th day and the 22nd day of life (the time at which the young mice 
were weaned) were added those relatively few mice that had to be sacrificed at 
the time of weaning because of the presence of severe obstipation, the com- 
monest complication of the disease. This figure represented the total number 
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of^deaths attributed to the disease. To it was added the number of mice 
successfully weaned from each litter in order to obtain the total number of mice 
exposed to the risk of death due to the disease. 

Since the purpose of the experiment was to determine the effect of strain of 
mice, of litter (first as opposed to later ones), and of season upon the mortality 
of the weanling mice, the data were first analyzed from these points of view. 

TABLE VI 

Per Cent of Mice Weaned, by Litter 


(Strain and date constant) 


Month 

1st Litter 
mice -weaned 

2nd and 3rd litter 
mice weaned 

4th and 5th litter 
mice weaned 


per cent 

Per cent 

Per cent 

Schrenther 




Oct.-Nov., 1946 

8.8 

56.5 


Dec., 1946-Jan., 1947 


81.8 

90.0 

Harvard 




Oct-Nov., 1946 

45.7 

42.5 


Dec., 1946-Jan., 1947 


68.5 

97.4 

Feb.-Mar., 1947 


60.4 

83.5 

C 




Oct.-Nov., 1946 

38.9 

57.1 ! 


Dec., 1946-Jan., 1947 

41.4 

52.8 

63.5 

Feb.-Mar., 1947 


78.5 

50.0 

Apr.-May, 1947 


46.2 

81.7 

CFW 




Oct.-Nov., 1946 

0.0 

21.0 

23.5 


Dec., 1946-Jan., 1947 

3.1 

45.9 

Feb.-Mar., 1947 

0.0 

53.1 

56.3 

Apr.-May, 1947 

June-July, 1947 


65.1 

92.0 

74.7 

84.4 


In Table I, the percentages of mice weaned are given by strain. The Harvard 
strain appears to be the most resistant and the CFW mice the least so; the 
individual differences noted between these four groups are statistically sig- 
nificant except in the case of the Schwentker and C strains. 

When grouped according to litter as in Table H, significant differences appear 
between first litters as opposed to second and third, and to fourth and fifth 
litters. Approximately 1 of 3 suckling first litter mice survived to be weaned, 
slightly better than 1 of 2 second and third litter mice, and nearly 3 of 4 fourth 
and fifth litter mice. These differences are in agreement with our previous 
experience. 
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litters the differences between strains are less consistent and frequently are not 
statistically significant. 

When strain of mice and date of birth are comparable the influence of litter 
upon percentage of mice weaned (Table VI) is less marked but still reasonably 
consistent, and many of the individual differences are statistically significant. 
For all strains at nearly all tunes of the year the mortality in first litter mice was 
higher than in second and third litter ones, which in turn presented a higher 
mortality than did fourth and fifth litter mice. 

When the mice are grouped according to date of birth with strain and litter 
comparable (Table VII) there is in the case of the CFW strain a fairly consistent 
pattern which bears a close resemblance to that of Table HI. A high per- 
centage of the mice bom in the summer of 1946 survived to be weaned. In the 
autumn of 1946 the percentage dropped precipitously. The periods of Feb. to 
Mar., 1947, and Apr. to May, 1947, showed a gradual rise in the percentage of 
mice weaned. Again a low mortality was observed during the summer months 
of 1947. Although but few of the individual differences are statistically sig- 
nificant the general trend is quite consistent. In the case of the other strains 
the evidence is less satisfactory. The strain C mice present a picture somewhat 
similar to that shown by the CFW strain but the trend is less consistent and the 
individual differences smaller. The data furnished by the Harvard and 
Schwentker strains are too fragmentary to permit the drawing of conclusions. 

DISCUSSION 

Our investigations have clearly confirmed the report that suckling mice be- 
longing to the colony of the C3H strain were highly susceptible to diarrheal 
disease. The stock was freed of detectable infection by the delivery of the 
young by Caesarian section at term, and the subsequent nursing of these 
animals by presumably disease-free females belonging to another strain under 
conditions of rigid isolation. This colony is increasing slowly in size and has 
remained free of disease for nearly a year. 

Among the four strains of mice that were observed during the course of a year 
significant differences were limited to the CFW strain. A lower percentage of 
these mice were weaned fairly consistently in comparison to the others. The 
three more resistant strains failed to show consistent or significant differences 
in the percentage of mice weaned. 

The effect of litter was definite and consistent. For all four strains followed 
throughout the course of a year first litters fared worse than second and third 
ones while fourth and fifth litters showed the highest percentage of mice weaned. 
A possible explanation for this finding is that the breeding females may develop 
some degree of active immunity against the disease as a result of sustained 
contact with it, and that this immunity may be passed on in some degree to the 
young either in ulcro across the placental barrier or by the milk or colostrum. 




EPIDEMIC DIARRHEAL DISEASE OF SUCKLING MICE 

IV. Cytoplasmic Inclusion' Bodies in Intestinal Epithelium in 
Relation to the Disease*! 

By ALWIN M. PAPPENHEIMER, M.D.,§ and F. SARGENT CHEEVER, M.D. 
{From the Department of Bacteriology and Immunology, Harvard Medical School, Boston) 
(Received for publication, May 29, 1948) 

In a previous report (1), Pappenheimer and Enders described the occurrence 
of intranuclear inclusions in a large proportion of suckling mice with diarrhea 
(Fig. 1). The original stock in which the spontaneous disease had been preva- 
lent for several years was virtually destroyed during the summer of 1946. 
Since then, new stock from several sources has developed spontaneous diarrhea, 
indistinguishable, as far as obvious signs are concerned, from the disease as it 
appeared in the original stock. The epidemiology of the disease as now preva- 
lent is described in the preceding paper (2). In no instance have we succeeded 
in demonstrating intranuclear inclusions of the type previously described. 
However, many of the mice have had cytoplasmic inclusions in the epithelial 
cells of the small intestine. 

In this study, evidence is presented bearing on the possible relation of these 
cytoplasmic inclusion bodies to the diarrheal disease as it has occurred in our 
colony subsequent to the introduction of new strains. 

Methods 

The entire small intestine was fixed in Zenker’s fluid, without acetic acid, and embedded 
in lolo so that the paraffin sections passed through the gut at various levels. As routine 
stain for the demonstration of the inclusions, Laidlaw’s acid fuchsin-phosphomolybdic acid- 
orange G method has proven most satisfactory, although the bodies are also easily found in 
hematoxylin-eosin and in Giemsa-stained preparations. 

Appearance of the Inclusion Bodies {Fig. 2). 

The bodies are spherical, varying in size from 1 to 4 micra in diameter, 
sharply outlined, and sometimes, but not regularly, surrounded by a narrow 
clear halo. IVith the Laidlaw stain, they are intensely fuchsinophilic. In the 
larger forms, the center may appear rarefied. The position in the cell varies; 
the bodies may be found above, below, or to one side of the nucleus. There is 
usually only a single inclusion body to a cell, but occasionally, there may be 

A preliminary report of these observations was presented at the meeting of the American 
Association of Pathologists and Bacteriologists, Philadelphia, May 13, 1948. 

+ Aided by a grant from The National Foundation for Infantile Paralysis. 

§ Professor of Pathology, Emeritus, Columbia University. 
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required for their detection, so that failure to find them in some cases does not 
necessarily mean that they were not present. 

With the Laidlaw stain, the granules of Paneth’s cells stain intensely with acid fuchsin, 
and are very resistant to decolorization with alcoholic orange G. Their location at the base 
of the villi, and a slight difference in color, the Paneth granules having a slight purplish cast 
as compared with the vermilion red color of the cytoplasmic inclusions, enable one to dis- 
tinguish them without difficulty. 



Fig. 2. Cytoplasmic inclusions in epithelial cells of small intestine. Laidlaw stain. 
X 1000. 

More confusing is the frequent occurrence, especially in healthy mice a week or less old, 
of a somewhat different type of cytoplasmic inclusion. This was described and pictured in 
a previous report (1). It stains with Laidlaw, Giemsa, and eosin much as does the inclusion 
body described above, but with the Laidlaw stain, it holds the fuchsin much less tenaciously- 
upon decolorization with orange G. The average size is much larger; the shape tends to be 
oval rather than spherical; it is surrounded by a wide clear space, and it is always located 
above the nucleus towards the intestinal lumen. When present, practically every cell of the 
villus contains such a body, and there is never more than one to a cell. 

Although there is nothing to give a clue as to the significance of the type of 
body just described, it can usually be clearly differentiated from the cytoplasmic 
inclusions with which we are particularly concerned in this study. The dif- 
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In a third group, consisting of 42 mice, the crude extract was rendered bacteria-free by 
treating it with penicillin and streptomycin. The mice developed mild diarrhea; many had 
recovered when they were sacrificed at 21 days. Cytoplasmic inclusions were found in 8 of 
the 42 mice. 

In summary, the incidence of inclusions in 64 mice with diarrhea was 11 or 17 
per cent, whereas in the 21 mice which showed no signs of the disease, it was 47 
per cent. There appeared to be no correlation whatever between the occurrence 
of diarrhea and the presence of cytoplasmic inclusions. 

It should be said that with one or two exceptions, the inclusion bodies were 
very scarce, and often found only after long study of the sections. In a number 
of mice, they were seen only in casto6 cells lying free in the lumen. It is prob- 
able that examination at an earlier stage before the affected cells had been ex- 
foliated, would have yielded quite different results. Nevertheless, the presence 
of inclusions in a fairly large percentage of mice which had been fed with heated 
suspension and had failed to develop the disease, threw doubt upon their 
significance as a specific feature of the disease. There remained however, the 
theoretic possibility that the mice had acquired an inapparent infection while 
they were under observation. Since one of the four litters given heated ex- 
tract did actually develop diarrhea in the course of the experiment, this possi- 
bility could not be excluded. 

Experiment 2 . — Four litters, in all comprising 26 mice, were fed crude suspension of diar- 
rheal feces, at the age of 7 and 8 days, and were sacrificed 5 days later. At this time, two of 
the four litters showed the usual signs of diarrhea, two litters remained apparently well. 
Cytoplasmic inclusions weTe found in 22 of the 26 mice (85 per cent) ; they were present in 10 
mice which did not have signs of diarrhea, although they had been given potentially infective 
material. This suggests that these may have had the disease in inapparent form. 

As controls, 36 mice received a suspension of feces from normal stock which has been free 
of the disease, and has been maintained in a separate room under special precautions. None 
developed diarrhea, and in none were cytoplasmic inclusions found. 

The experiment indicates that the feces of normal mice do not contain the 
factor responsible for the cytoplasmic inclusions. 

Experiment 3 . — Nine mice from three different litters were fed crude extract, and 9 mice 
were given boiled extract. One mouse from each litter was examined after 2, 3, and 6 days. 
Of those given crude extract, 5 developed diarrhea; those receiving boiled extract remained 
well. 

In the former group, 6 of the 9 showed cytoplasmic inclusions; they were found also in 2 
of the 9 mice which had received the boiled extract, though in small numbers and only after 
prolonged search. 

Experiment 4 .— To eliminate the possibility that some of the mice might have become in- 
fected while under observation, the experiment was repeated. The mice receiving the heated 
extract were kept isolated in a separate room which had been free from the disease. All the 
20 mice given heated extract remained well, and in none were typical inclusions found. Seven- 
teen mice received crude unboiled extract. Five were lulled and examined before the onset 




(97 per cent) killed on the 1st. 2nd. or .3rd day of the diarrheal umess, sno/-sc 


inclusions, o: 


positive; m 3 of tnese, tt 


7 of 21 sacrificed on the 4th to the Sin day v^ere recorded as 


inclusions —ere seen only in desquamated cells lying 
A similar difference 


tot 


free in the lumen. 

Of 19 mice killed on the 1st and 2nd dam after appearance of signs. 17 (39 per 
cent) had inclusions; these —ere present in but 3 of 11 sacrxhced between the 
3rd and 6th days, and only in sparse numbers. 

It is thus important to search for the inclusions in the very early stages ot 
the disease. 

Grarz-Pozitize Cocccid Bodies i~ the IrJ.er.imcl C orient: 

Almost from the beginning of our studies, vre have noted the presence, 
usuallv in enormous numbers, of Gram-positive coccoid bodies in the contents 
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of the small intestine. Although they may occur in stock mice which have 
shown no diarrheal symptoms, they are present with far greater frequency in the 
intestines of the diarrheal animals, and appear to be in some way correlated 
with the disease. This is brought out more clearly by our study of the experi- 
mental material. Thus, in Experiment 4, coccoid bodies were noted in 14 of 17 
mice which had received crude extract and had developed diarrhea in conse- 
quence; and they were absent in 20 non-diarrheal controls given sterile heated 
extract. The 3 negative cases in the infected group were sacrificed on the 1st 
day of the disease. 

The presence of these coccoid bodies can be recognized even tinder the low 
power of the microscope because, unlike the normal intestinal bacteria, they 
adhere in a fuzzy fringe to the epithelial surface. With the immersion lens, 
they are found to align themselves in a single row against the-cuticular border 
of the cells. Unsuccessful attempts have been made to cultivate these organ- 
isms on the usual laboratory media. At this time, we wish merely to record 
their frequent and rather characteristic occurrence in this disease, without 
attempting further to assess their significance. 

DISCUSSION 

That there is a relation between the occurrence of cytoplasmic inclusions and 
the diarrheal disease of suckling mice now prevalent in the laboratory, can 
hardly be doubted. In the spontaneously occurring cases, inclusions were 
demonstrated in approximately 60 per cent; and they were invariably absent in 
stock of the same strain kept in a room which remained free from the infection. 

In experimentally infected mice, the results are equally convincing. In 47 
mice receiving crude unboiled extract of diarrheal intestine, 39 or 83 per cent 
were found to have typical cytoplasmic bodies. They were found in but 2 of 
65 controls without diarrhea, including 36 given normal intestinal extract and 29 
given boiled diarrheal extract. The 2 positive cases which occurred in the last 
group, we are inclined to attribute to some undetected error in labelling bottles 
or sections, or more probably, to the acquisition of an accidental infection during 
the period of observation. 

It is true that the results in the first series of 87 mice were less clear cut, and 
that inclusions were found in a considerable number of mice that had been 
given boiled and presumably non-infective intestinal extract. We have no 
explanation for this discordant result, but the fact that one of the four litters 
developed diarrhea while under observation, suggests that they may have 
become accidentally infected in the course of the experiment. When pre- 
cautions were taken to keep the animals in a non-infective environment through- 
out the experiment (Experiment 4), no inclusions were to be found. 

The presence of inclusions in certain litters which had been given potentially 
infective material, but which failed to manifest signs of diarrheal disease, also 




PROTECTIVE EFFECT OF HYALURONIDASE AND TYPE-SPECIFIC 
ANTI-M SERUM ON EXPERIMENTAL GROUP A 
STREPTOCOCCUS INFECTIONS IN MICE 

By SIDNEY ROTHBARD, M.D. 

(From the Hospital of The Rockefeller Institute for Medical Research ) 

Plates 13 to 15 

(Received for publication, June 17, 1948) 

The pathogenicity and invasiveness of group A streptococci for man, as 
well as for laboratory animals, have been shown to be closely correlated with 
the presence of the M protein; conflicting evidence, however, has been obtained 
by several groups of investigators with regard to the role of the hyaluronic 
acid capsule in the manifestation of virulence of these microorganisms. 

A number of studies have been carried out in an effort to ascertain the effect of 
these substances on the pathogenesis of streptococcal infections. Several workers 
have studied the protective action in mice, infected with group A streptococci, of 
immune serum containing antibodies directed against the M substance. Others 
have studied the protective effect of hydrolyzing the capsular material with an enzyme, 
hyaluronidase. As a result of the antibody studies the M substance has been shown 
to be essential for the exhibition of virulence, since anti-M antibodies provide active 
and passive protection of mice against infection with virulent streptococci of homol- 
ogous type (1-3). On the other hand, the relation of the hyaluronic arid capsule to 
mouse virulence is not so well defined. While Hirst (4) was able to protect mice in- 
fected with encapsulated group C streptococci by treatment with leech extract con- 
taining hyaluronidase, he was not able to protect mice infected with group A strep- 
tococci; although the capsular materials of both these groups of streptococci have 
been shown by Seastone (5) to be chemically similar. Blundell (6) obtained no 
definite protection against group A streptococcus infections in mice with crude bovine 
testicular hyaluronidase but observed a greater mean survival time; and McClean 
(7), using enzyme from a similar source, failed to obtain protection in mice infected 
with either group A or group C streptococci. 

However, Kass and Seastone (8), who recently succeeded in protecting mice to 
some extent against infection with group A streptococci by using bovine testicular 
hyaluronidase, ascribed the failure of earlier workers to the use of insufficient amounts 
of enzyme and to too long an interval between injections. Both of these factors 
tended to permit the streptococci to regenerate their capsules in the infected host. 

In view of these conflicting reports as to the protective effect of hyalu- 
Tonidase, it seemed desirable to reinvestigate this problem and to attempt to 
determine the relative significance of the hyaluronic acid capsule and the M 
protein in the virulence of group A streptococci. 
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distinct difference in the amount of the M substance elaborated by the glossy 
and matt variants of each pair of strains is apparent. Dilutions as high as 
1:32 of the extracts of the matt variants showed positive reactions, whereas 
the undiluted extracts of the glossy variants gave only weak or no precipitin 
reactions. 

For the mouse virulence tests, tenfold serial dilutions were prepared from 
samples removed from the cultures tested for M substance. The results of 
these tests are summarized in Table U. A marked difference in mouse 
virulence between the glossy and matt strains was found in spite of the fact 
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Production of Type-Specific i( Antigen by Encapsulated Variants of Group .4 Streptococci 
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In titration of M antigen, degree of precipitation is indicated by a 4 — b44 to ± scale; 
0 represents no precipitation. 


that each variant elaborated equally good hyaluronic acid capsules. All of 
the encapsulated glossy variants were relatively mouse-avirulent; the en- 
capsulated matt variants were highly virulent, as indicated by death in 3 to ' 
4 days occurring in mice infected with 10 -8 cc. of culture, containing 2 to 3 
microorganisms. Examination of selected mice that died all revealed en- 
capsulated streptococci in the peritoneal exudate or heart blood. In addi- 
tional experiments it was shown that polymorphonuclear neutrophils and 
monocytes in the exudate, obtained from the peritoneal cavity of mice inocu- • 
(< with the encapsulated glossy variants, were actively phagocyting the 

streptococci, but only rarely were the encapsulated matt variants taken up by 
the phagocytic leukocytes. 

While these experiments clearly demonstrate the relationship of the M 
protein to mouse virulence,' they do not bring out any evidence that the 
hyaluronic acid capsule has an effect in enhancing the virulence of these 
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TABLE II 

Meuse Virulence of Encapsulated Variants ef Group A Streptococci 
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S indicates survival of one mouse for at least 2 weeks. 

D with numeral indicates death of one mouse within that number of days. 


streptococci for mice. Subsequent studies, however, with special techniques, 
revealed that the capsular material does have some influence on the patho- 
genicity of these bacteria. 

Antiphagocytic Effect of the M Substance and Hyaluronic Acid Capsule. 
In order to analyze the method of destruction of these streptococci in the 
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animal body, an in vitro test was employed, which involved phagocytosis of the 
streptococci by the leukocytes of normal human blood. Experiments with 
mouse and human blood revealed that the streptococci were phagocyted in the 
blood of both species. Although it was theoretically preferable to use mouse 
blood as a test system since mouse virulence was being studied, it was found 
necessary to employ human blood because of the difficulty of obtaining suf- 
ficient quantities of blood from mice. Furthermore, the use of human blood 
was in itself of interest because of the relationship of the virulence of group A 
streptococci to human infection. Therefore, normal children’s blood, which 
contains no detectable natural opsonins for these microorganisms, was em- 
ployed. 

The crude bovine testicular extract used in all the experiments as a source 
of hyaluronidase was found, in agreement with earlier workers, not to impair 
the phagocytic function of the leukocytes. Moreover, this enzyme prevents 
the formation of capsules of group A and group C streptococci during their 
growth cycle (Figs. 11 and 12). The question arose as to whether this crude 
tissue extract might contain proteolytic enzyme capable of digesting the M 
antigen of the streptococcal cell. Experiments were devised to test this pos- 
sibility. 

Wasted group A streptococcal cells, strain S23, matt, type 14, from 500 cc. of Todd-Hewitt 
broth culture, were suspended in 4 cc. of physiological saline and heat-killed at 56°C. for 30 
minutes. To one-half of these cells was added 2 cc. of crude bovine testicular extract con- 
taining 200 viscosity-reducing units of hyaluronidase; to the other half was added the same 
amount of extract inactivated by heating for 30 minutes at 60°C. After incubation of these 
mixtures at 37°C. for 18 hours, M extracts were prepared, diluted in a twofold serial manner, 
and tested against homologous antiserum. 

Each test sample revealed approximately the same amount of M substance 
on titration. The same experiment was repeated with the addition to the 
testicular extract of a reducing substance, thioglycollic acid, in a final concen- 
tration of 0.01 M, in order to activate any previously inactive proteolytic 
enzyme which might be present. Again the M titres obtained were essen- 
tially the same in the two systems. In an additional experiment, using M 
substance in solution, samples of M extract were mixed with an equal volume 
of testicular extract containing 20 viscosity-reducing units of hyaluronidase 
or with heat-inactivated testicular extract, and incubated at 37°C. for 18 hours. 
Twofold serial dilutions of the mixtures were made and tested against homol- 
ogous antiserum. No evidence of digestion of M substance was obtained. 
Further studies also revealed that the crude bovine testicular extract failed 
to digest gelatin or casein. Since the testicular hyaluronidase employed did 
not digest the M protein on the streptococcal cell or in solution, this extract 
was considered suitable as a source of hyaluronidase free of proteolytic enzyme. 

To determine the antiphagocytic effect of the M substance and hyaluronic 
add capsule, opsonic index experiments were performed. 
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Photomicrographs of representative fields of smears made in the phagocytic 
experiments are shown for the strain S23, type 14 system. It should be 
noted that no phagocytosis occurs if M protein is synthesized by the strepto- 
cocci regardless of whether the capsule is present (Figs. 13 and 14); however, 
it can be seen (Figs. 15 and 16) that phagocytosis of encapsulated, non-M- 
containing, glossy variants does take place, but that the decapsulated glossy 
variants are phagocyted to a somewhat greater extent. As can.be noted in 
Fig. 15, after phagocytosis of encapsulated organisms the capsule is no longer 
visible, which suggested that the leukocytes may contain hyaluronidase capable 
of digesting the capsular material. However, efforts to isolate this enzyme 
from large amounts of leukocytes obtained from human blood were unsuccess- 
ful. 

Because the ultimate fate of the streptococci ingested by the phagocytes 
is not shown by opsonic index experiments such as that just described, a 
bacteriostatic test was employed. By this method it has been demonstrated 
that the ingested bacterial cells are destroyed by the phagocytic leukocytes 
(16). 

Tenfold serial dilutions were used of a 3 hour broth culture of well encapsulated strepto- 
cocci, ranging from 10“* through 10 -4 . In these experiments, 200 to 300 bacterial cells were 
contained in the 10 -8 dilutions. To each of a series of tubes were added 0.05 cc. of culture 
dilution, 0.05 cc. of hyaluronidase (10 viscosity-reducing units), saline, or type-specific anti-M 
scrum, and 0.25 cc. of fresh, heparinized, human blood. After incubation at 37°C. in a rotator 
for 3 hours, samples from each mixture were removed and streaked on rabbit blood agar 
plates. The resulting growth after 18 to 24 hours’ incubation at 37°C. was recorded on a 
++++ to 0 scale. 

Typical experiments are shown in Table IV, which reveals that the encapsu- 
lated, glossy variants are extremely susceptible to phagocytosis and fail to 
survive in the blood; on the other hand, the matt variants are resistant. In 
the presence of homologous anti-M serum these matt variants become as 
susceptible as the glossy variants. When hyaluronidase is added, which keeps 
• the streptococci from regenerating their capsules throughout the 3 hour ex- 
perimental period, it can be noted that the decapsulated matt variants retain 
their resistance to the bacteriostatic action of the blood. The decapsulated 
as well as the encapsulated matt variants become as susceptible on inclusion 
of anti-M serum in the system as the glossy variants. 

It appears from the findings of these in vitro experiments that the M sub- 
stance is far more important than the hyaluronic acid capsule in causing the 
streptococci to resist the phagocytic and bacteriostatic effect of the blood, but 
there was a definite indication from the opsonic index experiments that removal 
of the capsule enhanced the phagocytic effect of the leukocytes. 

Demonstration of Protective Capacity of Crude Bovine Testicidar Hyaluronidase 
agamsl Group C Streptococcal Infection in Mice.— Although the r61e played by 
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the M protein of the streptococcal cell in resisting the phagocytic action, of 
leukocytes contained in human blood appeared clearly defined in the in vilro 
experiments, the effect of the capsule was still not well understood. We, 
therefore, attempted to study the problem in an in vivo system employing the 
mouse as a test animal. 

To mak e certain that the preparation containing hyaluronidase was active in 
the in vivo system selected, the bovine testicular extract was tested for its 
effect in protecting mice against infection with group C streptococci. Previous 
workers, with one exception, obtained good protection in similar experiments. 

The procedure employed was essentially the same as that described by Kass and Seastone 
(S) for protection experiments with group A streptococci. Mice were inoculated intraperi- 
toneally with tenfold serial dilutions of 4 hour broth cultures of encapsulated group C strep- 
tococci, strain D181. The number of streptococci inoculated were calculated by pouring 
rabbit blood agar pktes and the colony counts were 26 in the 10~ 7 dilution and 240 in the 10"* 
dilution. Treatment with 0.5 cc. crude bovine testicular extract containing 100 viscosity- 
reducing units was started 2 hours later. Injections of enzyme were given intraperitoncally 
every 2 hours for the first 12 hours, every 4 hours during the next 36 hours, and every 12 
hours for the last 48 hours; a total of 19 injections. 

In Table V are illustrated the results of the protective influence of crude 
bovine testicular hyaluronidase on mice infected with group C streptococci. 
The enzyme protected all mice completely against 1,000 M.L.D. and some of the 
mice against even 100,000 m.l.d. A control group of mice treated with enzyme 
inactivated by heating to (SOX. for 30 minutes died as rapidly as the untreated 
virulence controls. These findings are remarkably similar to those of Hirst 
(4), who employed leech extract as a source of enzyme. 

Method of Demonstrating Mouse Protection against Group A Streptococci with 
Hyaluronidase. — Since crude testicular hyaluronidase was thus found to be 
effective in protecting mice against infections with encapsulated group C 
streptococci (Table V), experiments were undertaken in an attempt to also ob- 
tain protection in mice with encapsulated group A streptococci. In the studies 
of Kass and Seastone (8), who were successful in such experiments, it was noted 
that the final dilutions of the streptococci were made in testicular extract 
and allowed to remain for 5 minutes at room temperature before injection of 
the mixture; streptococci used for the controls, however, were diluted in plain 
broth. Blundell (6) had previously shown that simultaneous injections of a 
mixture of bovine testicular extract and streptococci, followed by treatment 
with the enzyme, provided the greatest delay in the time of death as compared 
with untreated control mice. These observations suggested an explanation for 
the fact that we had earlier failed to obtain any protection of mice against 
group A streptococci since 2 hours had elapsed before enzyme treatment was 
started. 

The effect of giving the hyaluronidase simultaneously with the streptococci 
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by diluting the bacteria m the testicular extract was compared with the efxect 
ot delaying treatment by diluting the streptococci in plain broth and giving 
the first injection of enzyme 2 hours later. The results of such an experiment 
arc shown in lable \ I. Encapsulated group A type 14 streptococci, strain 
S23, were employed. The colony count in the 10 - ' dilution was 19 colonies 
and in the 10~' dilution, 2 colonics. The treatment schedule was the same as 
that used against group C streptococci, except where earlier treatment was 
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the streptococci 

in hvaluronidase, the concentration of enzyme was adjusted so that the mouse 

received the same amount of enzyme as that used in 
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doses: he., 100 viscosity-reducing units. 

"When the streptococci were diluted in plain broth and the mice subsequently 
treated after a lapse of 2 hours with 19 injections of hyaluronicb.se for 96 hours, 
only a slight delay in the rate of death was obtained as compared with the 
untreated controls. In contrast, when the streptococci were diluted in a 
solution of hyaturonkb.se, even though no additional treatment was given, 
there was some protection in the I0~ s dilution and a delay in the time of death 
in the other dilutions. Moreover, when the mice, in addition to the first dose 
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TABLE VI 
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A Streptococci 

Mouse Protection Test 



Cnltare of streptococci, strain 


S23 matt, type 14 


Treatment 

of mice 



cc. 




to-* ltr* 

io-< 

10-7 

1 tr> 



D1 

D1 

Dl 

D2 

D3 



D1 

D1 

Dl 

D2 

D3 


Untreated virulence controls 

D1 

D1 

Dl 

D2 

D3 



D1 

D1 

D2 

D2 

D3 



D1 

D1 

D2 

D2 

D3 

Streptococci diluted in plain 


D1 

D2 

D2 

D3 

D4 

broth 









D1 

DI 

D2 

D3 

D3 



D1 

D1 

D2 

D3 

D3 


Treated with multiple injec- 

D1 

Dl 

D2 

D3 

D4 


tions of hyaluronidase 

D1 

D2 

D3 

D3 

D4 



D2 

D2 

D3 

D3 

D4 


' 

D2 

D2 

D4 

D4 

S 



D1 

D2 

D3 

D4 

D5 



D1 

D2 

D3 

D4 

D5 


No additional treatment 

D2 

D2 

D3 

D4 

DS 



D2 

D2 

D3 

D5 

S 



D2 

D2 

D4 

D5 

S 

Streptococci diluted in solu 


D2 

D2 

D4 

D5 

S 

tion of hyaluronidase 









D1 

Dl 

D4 

D5 

S 



D1 

D2 

D5 

S 

s 


Treated with multiple injec 

- D1 

D3 

D5 

S 

s 


tions of hyaluronidase 

D2 

D3 

D6 

S 

s 



D2 

D3 

D6 

S 

s 



D2 

D3 

S 

S 

s « 


S indicates survival of one mouse for at least 2 weeks. 

D with numeral indicates death of one mouse within that number of days. 

Duplicate sets of mice treated with hyaluronidase heated at 60°C. for 30 minutes all died 
at the same rate as untreated virulence controls. 

of hyaluronidase, were also treated with multiple injections (19 injections for 
96 hours), protection was obtained against 10 m.l.d., with marked delay in the 
time of death of the other mice, as compared with the untreated virulence 
controls. 

It is thus apparent that protection against group A streptococcal infection 
in mice can be obtained when hyaluronidase is given concomitantly with the 
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Combined Effect of Anli-M Serum and Hyaluronidase in Mouse Protection 
against Group A Streptococci. — Having demonstrated a method by which some 
protection of mice against encapsulated group A streptococci can be obtained 
by using hyaluronidase, thus confirming the work of Kass and Seastone(8),the 
protective effect of type-specific anti-M serum was compared with that of 
hyaluronidase; and the combined effect of these 2 agents was also investigated. 

The method of treatment, which was demonstrated as being most effective in the preceding 
experiment (Table AT), was used. Five groups of mice were selected and each treated in a 
different manner. The first group was injected intraperitoneally with 0.5 cc. type-specific 
antiserum 16 hours prior to intraperitoneal inoculation with the streptococci, and no further 
treatment was given. The second group was inoculated with streptococci diluted in hyaluroni- 
dase and these mice were further treated with multiple injections of this substance as in the 
preceding experiment (Table VI). The third group received the combined treatment of the 
first two groups; i.e., the mice received antiserum, were inoculated with streptococci diluted in 
hyaluronidase, and were further treated with multiple injections of the enzyme. The fourth 
group, used as a control for the effect of repeated injections, was treated with antiserum as in 
the first group, and received multiple injections of saline instead of hyaluronidase after 
inoculation of streptococci. The fifth group served as untreated virulence controls. 

Table VII summarizes the findings in this experiment. With a single 
injection of antiserum, protection against 10,000 to 100,000 m.l.d. of group A 
streptococci was obtained. Protection against 10 m.l.d. was noted with 
hyaluronidase. With the combination of antiserum and testicular hyaluroni- 
dase there was an additive effect affording protection against 1,000,000 m.l.d., 
as compared with the untreated virulence controls. The control group, given 
antiserum and multiple injections of saline instead of hyaluronidase, revealed 
that there was no non-specific protective effect from the multiple injections. 

The results of this experiment show that hyaluronidase, effective against 
the capsular material, and type-specific anti-M serum, specifically directed 
against the M substance of the streptococcal cell, each has a protective effect 
against group A streptococcal infection in mice. These findings also illustrate 
that the anti-M serum protects against 1,000 to 10,000 times as many m.l.d. 
as hyaluronidase and that the combined action of these two substances provides 
greater protection for mice than either one alone. 

DISCUSSION 

The protective effect of hyaluronidase derived from various sources has 
usually been unquestioned with regard to experimental group C streptococcal 
infections in laboratory animals, but conflicting evidence has been obtained by 
different investigators as to its protective action in group A streptococcal 
infections in mice. This has led to different concepts as to the influence of 
the hyaluronic acid capsule on the virulence of group A streptococci. Those 
workers, notably Hirst (4), who failed to protect mice against group A strep- 
tococcal infections with hyaluronidase, concluded from their studies that, 
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unlike group C streptococci, other factors such as the M antigen were more 
significant than the capsule in determining the virulence and invasiveness oi 
group A streptococci. 

The present work provides an explanation for the discrepancy between 
this point ot view and tnat o? Kass and Seastcne (S) who. on finding some pro- 
tection against group A streptococcal infection in mice treated intensively 
wita hyaiuronidase, expressed the view that the caosules of both group A and 
group C streptococci are responsible for the greater part of their virulence. 
Furthermore, these workers believed that the M antigen might be of only minor 
importance, since group A streptococci may elaborate M substance without 
necessarily being virulent for mice. 

The evidence obtained in this study brings out the fact, well recognized by 
all investigators, that no single cellular comnonent or product of group A 
streptococci, or indeed probably o? any microorganism, contributes exclusively 
to the property of virulence. It is also recognized that factors still not known 
are essential to the development of virulence for different animal species. As 


an illustration. M-con taming, encapsulated variants freshly isolated fro— 
patients, although evidentlv virulent for man are usuailv avirulent for mire. 
Apparently other cellular functions in addition to the production o: capsular 
polysaccharide or M protein are also involved in the virulence of these micro- 
organisms for mice. However, unless the strain elaborates the M antigen, 
it is not virulent for either mouse or man. Of the known factors, both me 
hyaluronic acid capsule and the hi antigen of the streptococcal cell have been 
shown to contribute to the exhibition of virulence, and correspondingly the 
agents which lead to their destruction contribute to the protection of mice 
against infections with these streptococci. Thus, it has been amply demon- 
strated that the matt variants which elaborate the M substance are virulent 
for mice and resist phagocytosis; the glossy variants, however, which produce 
little or no M substance, are avirulent for mice and are susceptible to ohogocy- 
tosis. even though both variants are encapsulated. This oners substantial 
evidence that the M substance is an important factor in the pathogenicity ot 
group A streptococci. 

In phagocytic experiments, on comparing the encapsulated streptococci 
and streptococci decapsulated with hyaiuronidase. it was noted that the 
decapsuLited bacteria were taken up by the leukocytes more readily and in 
larger numbers than the encapsulated forms. Further evidence was provided 
that the capsule is actually concerned with virulence to a certain extent by 
demonstra tin g that mice were protected against 10 ii-tjo. o? group A strep- 
tococci by hyaiuronidase treatment. 

To obtain this protective effect, it was essential to have the capsules re- 
moved by diluting the streptococci in a solution o? hyaluroniaase oerore 
injection and further to prevent capsule regeneration by frequent and continued 
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treatment with enzyme. iso protection. was obtained if the streptococci were 
diluted in broth and the multiple injections of hyaluronidase started 2 hours 
later, because the injected streptococci had multiplied so many times during 
the 2 hour interval that the enzyme therapy was inadequate to permit the host 
to deal with the increased number of bacteria. The technique of simultaneous 
injection of enzyme and streptococci explained the success of Kass and Seastone 
(8) in obtaining protection in mice; and it is likely that other workers also 
would have shown protective effects if such early and intensive treatment had 
been carried out. 

The protection of mice could be increased from the 10 m.l,d. obtained by 
enzyme therapy alone to 1,000,000 m.l.d, by the combined use of anti-M serum 
and enzyme. A single injection of 0.5 cc. of antiserum 16 hours before inocula- 
tion of mice was sufficient to afford almost this much protection; and previous 
work indicates that even this dose of serum was a great excess (17). The 
greater protection afforded by the anti-M serum emphasizes the importance of 
the M substance in virulence of group A streptococci and is in agreement with 
other studies in this report dealing with the opsonic index, bacteriostatic, 
and mouse virulence experiments. 

As previously demonstrated by Ward and Lyons (18) and shown in this 
report, encapsulation does not necessarily exclude phagocytosis. In the 
present experiments, decapsulated streptococci were slightly more susceptible 
to phagocytosis than those which retained their capsules. The encapsulated 
variants were nevertheless still highly susceptible to phagocytosis unless in 
addition to capsular substance they elaborated M antigen, whereas M-produc- 
ing variants were only phagocyted to a very slight extent even though they 
were decapsulated with hyaluronidase. This suggests that encapsulation of 
group A streptococci and resistance to phagocytosis do not bear a direct 
relation to each other. 

Though it is hazardous to generalize from these experiments in mice that 
the M substance and the capsular material play similar roles in infections in 
man, the natural host for group A streptococci, it is worthy of note that 
one test system employed was dependent upon the phagocytic leukocytes in 
normal human blood. Both the M substance and the capsules had anti- 
phagocytic properties against these human leukocytes. That the M protein 
is intimately related to virulence of streptococci for man is further supported 
by the fact that in this laboratory no strain tested and shown to lack M 
antigen has ever been isolated from a patient in the acute phase of strep- 
tococcal infection. In all strains tested, whenever the M substance could 
not be identified with the available type-specific antisera, it was possible by 
immunizing rabbits to show that the strain produced some other M substance 
not previously identified in this laboratory. On the other hand, strains have 
been isolated from patients in the acute phase of their infection which lacked 
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GROUP A STREPTOCOCCUS INFECTIONS 


EXPLANATION OF PLATES 

These photographs were made by. Mr. Joseph B. Haulenbeek. 

Plate 13 

All preparations made with India ink; 3$ hour broth cultures of group A strep- 
tococci employed. X 1500. 

Fig. 1. Capsule of glossy variant of type i (strain Tl). 

Fig. 2. Capsule of matt variant of type 1 (strain Tl). 

Fig. 3. Capsule of glossy variant of type 3 (strain T3). 

Fig. 4. Capsule of matt variant of type 3 (strain T3). 

Fig. 5. Capsule of glossy variant of type 12 (strain XY5). 

Fig. 6. Capsule of matt variant of type 12 (strain NY5). 






I’l.ATF. 14 

Fig. 7. Capsule <>f dos-y variant of type 14 (strain 523). 

Fig. 8. Capsule of matt variant of type 14 (strain 523 ) . 

Fig. M. Capsule of "lossy variant of type Ft (strain TIM). 

Fig. 10. Capsule of matt variant of type 1M (strain TIM). 

Fig. 11. Decap'ulated "lossy variant of type 14 (strain S23): 5 minutes alter addi- 
tion of bovine testicular extract. 

Fig. 12. Decapsulated matt variant of type 14 (strain 523); 3 minutes after addi- 
tion of bovine testicular extract. 
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Viruses may mulitply in a host without producing manifest illness or gross 
evidence of a pathological process. It is well known, for example, that inap- 
parent or subclinical infections commonly occur in such virus diseases of man 
as mumps, influenza, and poliomyelitis. Infections of this sort often assume 
great importance in the epidemiology of. a virus disease and in calling forth 
immunity in the individual. One of the most interesting examples of inap- 
parent virus infection is seen in the process of adapting a virus to a new host 
by serial blind passage. Infection may not be apparent during repeated 
passages until the virus, presumably as a result of variation, acquires the 
capacity to produce lesions in the host. Although the method of serial passage 
has been used extensively in adapting viruses to experimental animals, or in 
altering the properties of a virus, little is known regarding the fundamental 
mechanism of this process. 

’ The hamster has been generally regarded as having only limited suscepti- 
bility to influenza virus infection. Although intranasal inoculation of in- 
fluenza virus calls forth specific serum antibodies, lung lesions usually have 
not been observed even after repeated passage (1). The immune response of 
hamsters has been used as an indirect method for detecting influenza virus in 
throaLwashings (2) and it has been reported that the hamster is .as effective 
as the ferret for this purpose (3). The present paper describes further studies 
on the behavior of influenza virus in the hamster, undertaken in an attempt to 
leam more about the factors involved in an inapp'arent virus infection and in 
the adaptation of a virus to a new host. 

Methods 

Virus Strains. Two strains of influenza A virus (PR8 and Ga. 47) and one strain of in- 
fluenza B virus (Lee) were used in the present study. The Ga. 47 strain was isolated from a 
patient in Atlanta during the influenza A epidemic of 1947 by intraamniotic inoculation of a 
throat washing into chick embryos. It was suljscrjuently maintained-by allantoic passage 
in 11-day-old embryos. 


* This work was supported by a grant from the United States Public Health Sere-ice. 
t Research Fellow, Department of Bacteriology and Immunology. 
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carried through eleven serial passages as described under Methods. The 
original virus suspension agglutinated red cells in high titer, fixed complement 
in dilution of 1:160, and had mouse mortality and egg infectdvity titers of 
IQ-*- 6 and 10 -8 - 6 respectively. 

The results obtained with this virus strain are summarized in Table I. 
During the first six passages, no lung lesions or fatalities were observed in the 

TABLE I 


Serial Passage oj Ga. 47 Infiuensa Virus in Hamsters 


Paesage 

No. 

Tests for vims in hamster lung extracts* 

Pathogenicity of virus in 
hamsterst 

Titration in 

Comple- 

ment 

fixation 

titer 

Hemagglutination titer 

Red cells 

Eggs 

Mice 

Chicken 

Guinea 

pig 

Human 

Long Iesicm3 

Mortal- 

ity 

o§ 

8.6 

4.5 

160 

512 

1024 

1024 



i 


2.5 

80 

— 

— 

— 


0/2 

2 


1.5 

80 

— 

— 

— 

0,0 

0/2 

3 


1.3 

i 80 

! 

' 




4 


1.3 

■ 80 

1 

— 


0,0 

0/2 

5 


3.2 

80 


— 

— 

0,0 

0/2 

6 

6-0 

4.5 

640 

— 


— 

±, i: 

0/2 

7 

7.5 

4.6 

320 

— 

20 

160 

++++, +++ + ! 

2/2 

8 

7.2 

5.3 

640 

— 

640 

320 

++++, +++h 

2/2 

9 

7.0 

4.6 

640 

— 

160 

320 

++++, +++ + 

2/2 

10 

8.5 

5.6 

640 

— 

320 

1280 

++++,-+++ + 

2/2 

11 

8.5 

5.6 

640 

80 

1280 

1280 

++++, +++ + 

2/2 


* Titers expressed as the reciprocal of the dilution end-points (see Methods). — = less 
then 1:20. 

X Two hamsters in each passage observed for 10 days following inoculation. 

Lung lesions recorded as relative degrees of consolidation of total lung, 4 — ! — I — (- “ 
complete consolidation. 

Under mortality, numerators indicate the number of hamsters dying within 10 days after 
inoculation, and the denominators the number of hamsters inoculated. 

I Allantoic fluid suspension of the Ga. 47 strain. 

hamsters followed for a period of 10 days. Nevertheless, virus was present 
in high titer as shown by egg infectivity tests with extracts of the lungs ob- 
tained 3 to 4 days after inoculation. Virus was also demonstrable in the 
extracts by mouse mortality tests, but in lower titer. It will be seen that the 
total amount of virus present in the lungs as determined by titration in eggs 
and mice decreased during the first two passages. By the sixth passage, how- 
ever, the mouse mortality titer was comparable to that of the original virus 
suspension, while the egg infectivity titer was 10 -50 as compared with the 
original titer of ICC 8 - 5 . Complement-fixing antigen was present in extracts 
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of the lungs of all the passages, hut showed a sharp increase on the sixtli pas- 
sage. The extracts during these early passages failed to cause agglutination 
of chicken, guinea pig, or human red blood cells. Occasionally a weak ag- 
glutination of human or guinea pig red blood cells was observed with a 1:20 
dilution of the lung extracts, but the reaction was too indefinite to record. 

On the seventh hamster passage a sudden change in the course of events 
was observed. Extensive pulmonary consolidation occurred and the hamsters 
died on the 6th day after inoculation. The most striking finding in the tests 
for virus in the lungs was the appearance of agglutinins for human and guinea 
pig red cells for the first time. The egg infectivity titer increased from 10" 5 0 
to 10~ 7S , but no change in mouse mortality tiler was observed. The latter, 
together with the titer of complement-fixing antigen, had increased during 
the preceding passage. 

The lethal character of the virus persisted on subsequent passages. Ag- 
glutination of chicken red blood cells, however, was not observed until the 
eleventh passage. A further increase in the total amount of virus in the lungs, 
as determined by titration in mice and eggs, occurred on the tenth passage. 
The content of complement-fixing antigen remained constant at a titer of 
1:640. The lung extract of the thirteenth passage (not shown in the table) 
produced complete pulmonary consolidation and death in hamsters in dilu- 
tions through lO -5 ' 1 . 

2. PRS Strain . — In the next experiment the PR8 strain of influenza A 
virus was inoculated inlranasally into hamsters and carried through twelve 
serial passages. The virus suspension used for inoculation consisted of a 
freshly prepared PRS mouse lung extract at a concentration of 10 per cent. 

Table II shows the results of this experiment. Infectivity tests in eggs were 
not carried out in this experiment. In general, the results are similar to those 
obtained with the Ga. 47 strain (Table I). Lung lesions were not observed 
during the first six passages and extracts of the lungs failed to agglutinate red 
blood cells. Nevertheless, virus was demonstrable in all of the passages by 
mouse mortality tests and also by means of the complement fixation test. 
On the seventh hamster passage a fatal disease with pulmonary consolidation 
was produced, together with the appearance of hemagglutinins in extracts of 
the lungs for guinea pig and human red cells, but not for chicken red cells. 
At this time the mouse mortality' and complement fixation titers of the lung 
extracts increased. On the eighth and ninth passages, however, the hamsters 
did not die and lung lesions were not observed. Extracts of the lungs then 
failed to agglutinate guinea pig red cells and showed a decreased capacity to 
agglutinate human red blood cells. During these passages the mouse mortality 
titer decreased, but no change in the titer of complement-fixing antigen oc- 
curred. By the tenth passage a fatal disease was again produced and on the 
eleventh passage, hemagglutinins for chicken, guinea pig, and human red blood 
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cells were present in high titer. A sharp increase in the mouse mortality titer 
occurred on the eleventh passage, coinciding with the first appearance of 
agglutinins for chicken red cells. 

As in the preceding experiment, a close correlation between the capacity of 
the extracts to produce lung lesions in the hamster and hemagglutination of 
h uma n and guinea pig cells was evident. In both experiments lung lesions 
and a fatal disease appeared suddenly on the seventh hamster passage. 1 With 
the PR8 strain, for some unknown reason, the lethal character of the virus 

TABLE H 


Serial Passage of PRS Influenza Virus in Hamsters 



Tests for virus in hamster long extracts 

Pathogenicity of vims in hamsters 

Passage 

No. 

Mouse 

mortality 

titer 

Comple- 

ment 

fixation 

titer 

Hemagglutination titer 

Red cells 

EBl 


Homan 

Lung lesions 

Mortality 

0* ML 

6.5 

320 

1280 

640 

640 



1 

4.0 

20 

I8|Sg» 

iliiH 


o, ± 

0/2 

2 

3.5 

80 


IBgllH 




3 

3.3 

80 


B 


0,0 

0/2 

4 

3.6 

40 

ISlslB 



0,0 

0/2 

5 

3.6 

80 

' 1 



0,0 

0/2 

6 

4.0 

80 


■9 


0, rb 

0/2 

7 

4.5 

320 


160 


++++, + +++ 

2/2 

8 

4.3 

320 



160 

0,0 

0/2 

9 

2.3 

320 



40 

o,+ 

0/2 

10 

3.0 

320 


fl 

— 

++++, + 

1/2 

11 

6.3 

610 

320 

640 

640 

H — ! — b+, +4H — h 

2/2 

12 

6.5 

640 

1280 

1 1280 

1280 

++++, ++++ 

2/2 


* 10 per cent PR8 mouse lung extract. 
See footnotes under Table I. 


was lost on the eighth and ninth passages but reappeared on the tenth passage. 
An unusual opportunity was thus afforded for correlating the pathogenicity of 
the virus with its other properties. 

3. Lee Virus . — For comparison with the results obtained in the preceding 
experiments with influenza A viruses, the Lee strain of influe nza B virus was 
selected for a passage series in the hamster. A freshly prepared allantoic 
fluid suspension of Lee virus was inoculated intranasally into hamsters and 
extracts of the lungs were passed serially at 2 day intervals. 

In order to rule out a bacterial component in the production of the lung lesions, cultures 
of the lung extracts were taken throughout these experiments. Except for occasional con- 
taminants, the cultures were negative. 
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marka bly constant throughout, differing little iron: the titers of the original 
vires suspension used for inocuiitioc. 

Effect of Incubation at JEC. a-z Chicks" Red Csii A q?i u i in < iti i :z zvith teamster 
Lav.?. Extracts. — The preceding experiments dem.cnstra.tsd that mfiuenra A 
virus in hamster lung extracts from the early passages failed to agglutinate 
red blood cells, even though virus was readily demonstrable by inactivity or 
connlement fixa tion tests. After six serial passages, however, agglxtmms for 
human and guinea pig red ceils appeared in high titer, but agglutinins for 
chicken red cells either did not occur or produced only an indefinite reaction 
until the eleventh passage. This finding is of interest in view of the observa- 
tion of Burnet and Bull (S) that freshly isolated strains of mfiuemra virus in 
the chick embryo agglutinate mammalian red cells in higher titer than fowl 
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red cells. A further study of this phenomenon in extracts of hamster lungs 
was therefore undertaken. 

The hamster lung extracts of the sixth, seventh, tenth, and eleventh passage of the Ga. 47 
strain of influenza virus (see Table I) were selected for study. Portions of the 10 per cent 
saline extracts, which had been previously cleared by low speed centrifugation, were spun 
at about 12,000 r.p.u. for 30 minutes to sediment the virus. The supernatant fluids were 
discarded and the sediments were resuspended in the original volume of 0.9 per cent saline. 
The suspensions were then placed in a 37°C. water bath for 6 hours. Following incubation, 
the suspensions thus treated and portions of the original extracts kept at 4 C. were tested for 
capacity to agglutinate chicken red cells. The end-point was recorded as the highest dilution 
of the extract that produced complete agglutination of the red cells. 

Table IV shows the results of these tests. It will be seen that the procedure 
of high speed centrifugation and incubation at 37°C. 5 was effective in bringing 


TABLE IV 

Effect of Incubation at 37°C. on the Hemagglutination Titer of Hamster Lung Extracts 


Hamster passage No. 

Agglutination titer of lung extracts vritb chicken red cells 

Before incubation j 

After incubation at 37 °C. for 

6 hrs.* 

6 

! <20 

<20 

7 

<20 1 

40 

10 

<20 

640 

11 

80 

640 

1 


* Extracts spun at 12,000 R-p.u. for 30 minutes, sediment resuspended in original volume 
of 0.9 per cent saline, then incubated at 37°C. for 6 hours (see text). 


out agglutinins for chicken red cells in those extracts which originally caused 
agglutination of only human and guinea pig red cells (compare Table I). 
Furthermore, the titers of chicken red cell agglutinins in the extracts thus 
treated were approximately the same as the titers of human and g uin ea pig 
red cell agglutinins obtained with the untreated extracts. In additional tests 
(not shown in the table) it was found that the titers of agglutinins for the mam- 
malian types of red cells were not increased by the method of centrifugation 
and incubation at 37°C. The implications of these findings will be considered 
in the discussion. 

Effect of Influenza Virus Infection on the Temperature of the Hamster . — 
During the serial passages of the influenza A virus strains already described, 
.rectal temperatures were taken daily on the hamsters during the 10 day ob- 
servation period. It was found that a precipitous drop in temperature oc- 

Incubation of the extracts at 37 C. for 0 hours without preliminary centrifugation was 
also effective in calling forth chicken cell agglutinins. The titers obtained, however, were not 
as high nor was the reaction as definitive following centrifugation as outlined. 
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currccl on the 2nd to 4th day after inoculation of either the Ga. 47 or PR 
strains of virus. During the early passages of these viruses, before lung lesion 
were produced, this temperature response was observed in only about half o 
the inoculated hamsters and the temperatures usually returned to norma 


days a c ter r.'OC'JLATJcr; 


102 


NORMAL 100 
HAMSTERS so 
(CONTROLS) 96 


6th 

PASSAGE 


9 4 
102 
100 

98 

96 


7th 

PASSAGE 


94 
102 
100 
98 
9 G 


8th 

PASSAGE 


9th 

PASSAGE 


94 

102 

100 

96 

96 

94 

102 

100 

98 

96 


9 4 



Chart 1. Temperature response in hamsters to Ga. 47 influenza virus. 


levels within 24 to 48 hours. After the sixth passage, however, the drop in 
temperature occurred consistently and subnormal levels persisted until death. 

The temperatures of the hamsters inoculated with the Ga. 47 strain from 
the sixth to the ninth passage are shown in Chart 1. The temperatures of two 
normal hamsters are included as controls. Temperatures less than 94°F. are 
indicated by dotted lines, since the thermometers used did not record below 
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this level. On the sixth passage the temperatures of both hamsters dropped 
sharply to 94°F. or less 24 hours after inoculation, but returned to normal 
limi ts within 48 hours. In one hamster the temperature then remained normal, 
while in the other it gradually fell to subnormal levels during the 10 day period. 
The hamsters in this passage did not die and only minimal lung lesions were 
observed (see Table I). In the subsequent passages the temperature either 
remained low or showed a rise followed by a second drop to less than 94°F. It 
will be noted also that the interval between inoculation and death decreased 
with passage. 

DISCUSSION 

The course of events following the inoculation of influenza virus into ham- 
sters herein reported may represent an unusual instance of virus activity in a 
new host. Regardless of whether this is the case or not, the findings shed 
some light on the behavior of a virus during inapparent infection and on the • 
process whereby a virus assumes new characteristics as a result of serial passage. 
First of all, it is clear that the influenza A strains used in these experiments 
multiplied readily in the hamster lung. Although illness and pulmonary 
lesions were not observed in the early passages, virus was demonstrable from 
the start in extracts of the lungs by infectivity tests in mice and in embryonated 
eggs, or by means of the complement fixation test. The findings are similar to 
those of Hirst (9) who recently reported that maximum multiplication of 
virus occurs in mouse lungs following the inoculation of egg-adapted influenza 
A virus strains, before lung lesions are produced as a result of serial passage. . 
These results emphasize the fact that no correlation may exist between the 
pathogenic potentialities of a virus and its capacity to multiply in a host. If 
the conditions are such that the virus, though actively multiplying in the host, 
fails to acquire pathogenic qualities, even after repeated passage, the infection 
might be overlooked. Obviously, such findings have practical implications 
regarding the isolation of viruses in experimental animals. 

In the present experiments the inapparent virus infection in the hamster, 
which persisted for six serial passages, changed dramatically to a severe disease 
characterized by extensive pulmonary consolidation and death. The various 
tests utilized for studying the content of virus in the lungs during passage 
revealed certain findings of interest, which accompanied the abrupt change 
in pathogenicity of the virus. Agglutinins for human and guinea pig red 
blood cells appeared and a marked increase occurred in the amount of comple- 
ment-fixing antigen. Although the tests for infectious virus are less accurate 
and more difficult to interpret, there was a definite tendency toward an increase 
in the total amount of virus in the lungs. In both experiments with influenza 
A strains the titer of virus in the lungs after eleven serial passages was as high 
or higher than the titer of the original inoculum. The findings as a whole 
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1. Two influenza A strains (Ga. 47 and PR8) multiplied readily in the 
hamster lung, although no lung lesions were produced during six serial pas- 
sages. On further passage both viruses abruptly acquired the capacity to 
produce pulmonary consolidation and death of the animals. 

2. Extracts of the lungs during the early passages contained complement- 
fixing antigen and infectious virus, as revealed by titration in mice and em- 
bryonated eggs.- Agglutinins for chicken, human, and guinea pig red cells, 
however, were not demonstrable at this time. With further passage a close 
correlation was observed between the capacity of the virus to produce lung 
lesions in the hamster and to agglutinate mammalian types of red cells. In 
addition, quantitative changes in the virus population were demonstrated in 
the lung extracts by complement fixation tests and titrations in mice and eggs. 

3. Incubation at 37°C. was effective in bringing out agglutinins in high 
titer for chicken red cells in lung extracts, which originally failed to agglutinate 
chicken cells but agglutinated mammalian red cells. This method did not 
increase the titers of mammalian cell agglutinins. 

4. The body temperature of the hamster was found to decrease within 1 to 4 
days after inoculation of influenza virus. In the early passages the tempera- 
ture returned to normal within 24 hours, but with the development of the 
pathogenic strain of virus the temperature remained at subnormal levels until 
death. 

5. The Lee strain of influenza B virus produced pulmonary lesions in the 
hamster on the first passage and no increase in pathogenicity of the virus 
occurred during eleven serial passages. Virus was demonstrable in extracts 
of the lungs by all the methods used and no difference was observed in its 
capacity to agglutinate fowl and mammalian types of red cells. 

The implications of these findings are considered briefly in the discussion. 
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GROWTH AND MORPHOLOGY OF 
TUBERCLE BACILLI 
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{From the Laboratories of The Rockefeller Institute for Medical Research) 

Plate 16 

(Received for publication, June 22, 1948) 

Minced embryonic tissue of chicken is known to facilitate growth of tubercle 
bacilli in synthetic media. Thus Friedmann obtained faster and more abun- 
dant growth of both human and bovine strains by adding chick embryo tissue 
to a basal medium (6). Soltys cultivated avian strains in Tyrode solution 
containing 2 per cent of chick embryo pulp. While the human and bovine 
strains studied in his experiments multiplied in the first subculture in this 
medium, they failed to grow in subsequent transplants (8). 

The present publication describes the effect of embryo extracts on the rate 
of growth, morphology, and virulence of tubercle bacilli cultivated in the media 
recently developed in this laboratory. 

EXPERIMENTAL 

itethods . — The culture media used were those described by Dubos and Middlebrook (5). 
In addition to mineral salts, casein hydrolysate, and serum albumin, these media contain 
0.005 per cent oleic acid (medium 1) or 0.05 per cent of the water-dispersible ester of oleic 
add Tween 80 (medium 2). . 11-day-old chick embryos were removed aseptically from the 
eggs, washed in distilled water, and minced in a Waring blendor following addition of 1.5 cc. 
distilled water per embryo. The embryo pulp was centrifuged at 4°C. for 30 minutes at 
3500 E.P.M. and the supernatant fluid was used, — chicken embryo extract (CEE). Extracts 
of muscle, lung, kidney, and spleen were prepared by a similar technique. The tissue extracts 
were added under aseptic conditions to the culture medium distributed in 5 cc. amounts in 
Pyrcx glass tubes 25 mm. in diameter. 

Most of the experiments were carried out with the human strains of tubercle bacilli H37Ra 
(avirulent) and H37Rv (virulent). 1 A few bovine and avian strains have also been tested and 
found to behave essentially like the human strains. The standard inoculum corresponded to a 
final 10~* dilution of a fully grown culture in Tween-albumin medium (approximately 3 X 
10 - * mg. dry' weight bacilli per cc. of medium). 

Effect of CEE on Growth Rale . — The data presented in Table I summarize 
the plan and results of a typical experiment. They show that addition of 0.5 

Fellow of the Swiss-American Center for Medical Exchange and Infor ma tion 

1 These strains were originally obtained through the courtesy of Dr. W. Steenken of the 
Trudeau Sanatorium. They have been subcultured in our laboratory in the Tween-albumin 
medium. 
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lary growth is reached earlier in the presence of the extract is in agreement 
with findings reported by others (6, 8). 

Effect of CEE on Bacterial Morphology .— Middlebrook el cl. (7) observed a 
correlation between the virulence of different strains of mammalian tubercle 
bacilli and the pattern of growth of these strains— a pattern due to the forma- 
tion of bacillary cords. The more virulent a strain, the more pronounced 
was its ability to grow in The form of bacillary cords (serpentine pattern of 
growth). It was noted during the present work that addition of CEE to 
oleic acid-albumin medium caused the bacilli to • organize themselves in 
cords which were longer and more dense than those formed in the absence 

TABLE m 

Effect on Male Swiss Albino Mice of Intravenous Inoculation of Tubercle Bacilli, E37Rv (Vir- 
ulent) and H37Ra (Avirulent ) , Grown in the Presence 
or Absence of Chick Embryo Extract 


(0.03 mg. dry weight of bacilli was inoculated into each animal.) 


Inoculum 0.03 mg. ol 

No. of 
mice 

Death and survival 

H37Ra 

12 

s+ s+ s- s- s- s- s- s- s- s- s- s- 

H37Ra (CEE)’ 

It 

S~V* S'! - S4" S“V* S"V" S*$“ S-f* S-f- S-V- S-f - S' — 

H37Rv 

it 

D43 D45 D47 D47 D50 D50 D51 D51 S-b S-b S-b- S+ 

H37Rv (CEE)’ 

“ 

D21 D21 D21 D27 D39 D39 D40 D40 D43 D48 D48 S-b 


E>, death; the number indicates the number of days after inoculation at which death oc- 
curred. 

S, survival for a period of 57 days, at which time the animals were sacrificed. 

The symbol + means that tuberculous lesions were present in the lungs. 

The symbol — means that no pulmonary lesions could be detected macroscopically. 

* These cultures were grown in the presence of chick embryo extract. 


of the extract and within which the bacterial cells were arranged strictly 
in parallel (Figs. 3 and 4). 

Whereas in the case of the virulent variant H37Rv the embryo extract 
caused only a quantitative difference in cord formation, differences of a quali- 
tative order were observed with the avirulent variant. In ordinary media, 
the avirulent bacilli always grew in unoriented clumps, but they formed well 
defined cords in the presence of CEE (Figs. 1 and 2). However, the fact that 
the avirulent bacilli always remain less acid-fast than the virulent forms 
facilitates their identification even when they grow in the form of cords. 

Experiment has shown that cord formation by H37Ra in the presence of 
CEE is not a transmissible modification but occurs only if enough extract to 
induce it is present in the medium during growth. Growth assumes again 
the usual unoriented pattern as soon as the strain is returned to ordinary 
culture media devoid of CEE. 
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These extracts also increase the tendency of virulent strains to exhibit the 
serpentine pattern of growth and confer this property on avirulent variants 
which normally grow unoriented in clumps. 

Growth in the presence of chick embryo extract slightly increases the viru- 
lence of the virulent strains but does not confer virulence on the avirulent 
variants. 
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EXPLANATION OP PLATE 16 

The photographs were made by Mr. Julian Carlisle. 

Fig. 1. Ziehl-Neelsen-stained preparation of 8-day-old culture of avirulent tubercle 
bacilli (H37Ra), grown in oleic add-albumin medium. The barilli lie helter-skelter 
in dumps. X 1090. 

Fig. 2. Ziehl-Neelsen-stained preparation of avirulent tubercle bacilli (H37Ra), 
grown in oleic add-albumin medium containing 0.5 per cent chick embryo extract. 
The badlli are arranged in parallel and form cords. X 1090. 

Fig. 3. Ziehl-Neelsen-stained preparation of virulent tubercle bacilli (H37Rv), 
grown in oleic acid-albumin medium. The bacilli form cords. X 1090. 

Fig. 4. Ziehl-Neelsen-stained preparation of -virulent tubercle barilli (H37Rv), 
grown in oleic acid-albumin medium containing 0.5 per cent chick embryo extract. 
The cords are more dense than in Fig. 3 and the parallel arrangement of the bacilli is 
more pronounced. X 1090. 
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THE INFLUENCE OF RELATIVE HUMIDITY ON THE INFECTIVITY 
OF AIR-BORNE INFLUENZA A VIRUS (PR8 STRAIN)* 

By WILLIAM LESTER, Jr., M.D. 

{From the Department of Medicine, The University of Chicago, Chicago) , 
(Received for publication, June 9, 1948) 

INTRODUCTION 

The observation that the degree of relative humidity has a significant influ- 
ence on the survival of air-borne influenza A virus was first made by Loosli and 
associates in 1943 (1). They found that the duration of infectivity of this virus 
for white mice was greatest at a low humidity; e.g. 23 per cent , and much less 
at higher humidities. Further light on the influence of vaxying degrees of rela- 
tive humidity on air-bome pathogens was provided by the work of Dunklin and 
Puck (2) who found that the death rate of pneumococci, hemolytic streptococci, 
and staphylococci atomized into the air of an experimental chamber, was ex- 
ceedingly rapid at the middle humidities (45 to 55 per cent) and very much 
slower under conditions of both low and high relative humidities. 1 

The general pattern of these observations was confirmed in the course of 
studies on the virucidal action of triethylene glycol for influenza A virus at 
various relative humidities. However, the early experiments revealed little 
evidence of the deleterious influence of intermediate humidities (40 to 60 per 
cent) on the infectivity of the air-bome vims (Loosli and Robertson (3)); 
whereas, more recent ones showed this effect in a regular and definite manner. 
It was apparent that some factor had been modified unwittingly and an attempt 
was made to determine the explanation of this difference. 

The present investigation consists of a study of the effect of varying per cent 
relative humidities on the infectivity of air-bome influenza A vims as shown by 
the ability of this vims to produce death or lesions in white mice, under condi- 
tions in which the potency of the vims suspension, the dose of the vims, and the 
physical environment could be carefully controlled. 

Materials and M ethods 

.Mice. Young white mice weighing 8 to 12 gm. were used in all experiments. These mice 
were of the Swiss strain and were obtained from Mr. Stanley C. Miller of Germantown, New 
"V ork. They have been shown to be free from spontaneous pneumonitis. 

* Aided by special grants from the Research Corporation and the United States Public 
Health Service. 

1 Dunklin and Puck have summarized earlier work on the effect of relative humidity on 
the survival of air-bome pathogens. 
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had been calibrated previously with a modified Cascade impactor by the technique described 
by Sonkin (7) and was found to deliver a cloud of 1.5 ft mmd. 3 Since the conditions of 
atomization were kept constant throughout, the particle size distribution of the cloud issuing 
from the atomizer was essentially the same in all experiments. The 1 minute period of 
atomization regularly employed resulted in the dispersion of between 0.82 and 0.85 gm. of 
virus suspension as shown in Table IT. By varying the duration of the spraying, the amount 
of suspension discha rged into the chamber could be increased or decreased as desired. The 
atomizer was placed directly above the constant speed fan in the center of the chamber which 
pointed toward the ceiling and. rotated at a speed of 500 ej.il Tbi3 ensured adequate 
distribution of the virus throughout the air of the enclosed space. The mice were exposed 
to the virus for a period of 15 minutes at successive time intervals indicated in the protocol 
of the experiment shown in Table I. 


TABLE 1 


Protocol of Experiment ShrjAr.g Schedule of Exposure of Mice to Minimal 
Lethal Dosage of Air-Borne Influents A Virus 


Cage 

Time 

Duration of 
exposure 

Number of mice 
exposed 

Fatalities 

Number 

Per cent 



mitt. 



I 

A 


15 

10 

10 

■ 59 - 

B 


15 

10 

10 


C 


15 

10 

10 

a 

D 


15 

10 

10 

U I 

Total 

40 

40 

100 


Experiment 79: 

Atomizer A-99 mmd. = 1.5 micra. Fan ~ 500 e.p.m. 

RH = 23 per cent. Temperature = 74° F. 

Virus sprayed 1 minute at 400 mm. Hg. Weight of virus suspension delivered = 

0.85 gm. 

Autopsies were performed within 12 hours after death and the lesions found were recorded. 
All surviving mice were sacrificed 14 days after exposure and examined for pulmonary lesions. 
Deaths not clearly attributable to influenza virus were uncommon and in the particular series 
reported no deaths occurred in which the typical pulmonary lesions of influenza were not 
present. 


RESULTS 

Effect of Different Humidities on the Injectivity of Air-Borne Influenza A Virus 

Preliminary experiments to determine the minimum lethal dosage of virus 
were carried out at low relative humidity, e.g. 20 to 25 per cent, since numerous 
previous observations indicated that influenza virus dispersed into dry air sur- 

* Mass median diameter equals that diameter winch represents the median value of the 
particle sue distribution of the cloud, i.e., 50 per cent of the mass of the particles is below 
this particular diameter in size (Sonkin (7)). 
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vived longer than it did in a moist atmosphere. It --as found that quantities of 
virus suspension as small as 0.50 to 0.S5 gn. reguarly produced death of all the 
exposed mice. A typical experiment is shorn in Table I. 

A series of experiments employing a dosage of 0.S2 to 0.85 gm. of virus suspen- 
sion mas then carried out at different relative humidities. The results are sum- 
marized in Table II and Fig. 1 and sheer that an amount of atomized suspension 
vrhich produced a 100 per cent mortality at 20 and 30 per cent relative humidity, 
caused death in only 221 per cent of the mice exposed at humidities from 45 to 
60 per cent. As the h umi dity mas further raised this same amount of virus 
became increasingly infective until at a humidity of SO per cent all the exposed 
mice died. 
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Various 
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humid: rr 

, cr virus ( 
! suspension 
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ot mice in 
experiment 
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Per cem 1 

Vmeer.r 

Number 

Per cm; I F' iar 

1 pu 1...1 < ns. j 

' lesions 

. Fcr emr 
| hav-jur 
j lesicns 
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per cent 
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0.545 : 
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40 
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9 
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The presence or absence of lesions among the surviving mice revealed more 
clearly the point of minimum infectivity mhich mas found to be 50 per cent rela- 
tive humidity (Table II and Fig. 1). Of the 40 mice exposed at this humidity, 
only 9 died, and. of the 31 survivors, only S exhibited lesions. At humidities 
just above and belom this level the percentage of surviving mice with pulmonary 
lesions mas greater although the mortality mas the same as that occurring at '0 
per cent relative humidity. 

Effect of Increasing Dosage of Virus cl a Relative Humidity of 50 Per Cent 

A series of experiments in mhich the virus suspension mas atomized in in- 
creasing amounts from 0.S5 gm. to 2.91 gm. mas performed at a humidity ot 
50 per cent in an attempt to secure a 100 per cent mortality. The results, 
shornn in Table HE, reveal that mhen 0.85 gm. of the suspension mas atomized 
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the mortality rate was 22.5 per cent and when the amount was increased to 2.91 
gm. the mortality rate rose to only 52.5 per cent. In these experiments the 
increase in amount of virus dispersed was secured by lengthening the duration 
of atomization. However, the loss of infectivity of the air-borne virus at this 
humidity was so rapid that it became impractical to atomize for a period of time 



20 30 U0 50 60 

PER CENT RELATIVE HU1CEDITX 


70 


eo 



Deaths 




Lesions 


No lesions 


Fig. 1 . Effect of relative humidity on the infectivity of air-borne influenza A virus. 


greater than 4-1 minutes because under those conditions the loss of activity 
approximates the rate at which the virus could be atomized into the air. 

Absence of Demonstrable Influence of Humidity on Dialyzed Virus Suspension 

Once the pattern of the influence of relative humidity was established it 
became of interest to attempt to modify or eliminate it. Direct analogy from 
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that survival was prolonged at humidities below 40 per cent or above 70 per 
cent. Broth suspensions of influenza A virus showed the same general response 
when atomized into the experimental chamber at differing relative humidities. 
The infectivity of the atomized virus suspension decreased markedly as the 
humidity was raised from 30 to 50 per cent and then gradually increased as the 
humidity was further elevated to 70 per cent and at 80 per cent again was 
maximum. 

Even more interesting was the observation that diminishing the salt concen- 
tration of the virus-lung suspension by dialysis, eliminated the deleterious 
influence of humidity in the range of 50 per cent on the infectivity of the 
atomized virus. 

As was mentioned previously, early experiments showed little evidence of the 
deleterious influence of the intermediate humidities (40 to 60 per cent) on the 
infectivity of air-borne influenza A virus whereas the data cited in this paper 
demonstrated this effect in a pronounced manner. The finding that the 
dialyzed virus suspension did not show the influence of humidity led to a 
possible explanation of this discrepancy. Examination of the experimental 
protocols revealed that the virus suspensions used in the earlier experiments by 
Loosli and Robertson (3) were diluted with heart infusion broth prepared in the 
laboratory and containing no added sodium chloride. The suspensions used 
in the present series were diluted with Difco heart infusion broth which con- 
tained a minimum of 5 gm. of sodium chloride per liter. This observation 
would indicate that the concentration of sodium chloride in the virus suspension 
may be a critical factor in determining the infectivity of influenza virus by the 
air-borne route. The elucidation of the precise mechanism of this phenomenon 
must await further study. 

The epidemiologic implications of these observations on influenza A virus, 
as well as those of Dunklin and Puck on bacteria, may well be important. It 
seems likely that, in most environments, greater numbers of the inf ective agents 
dispersed from the respiratory tract are destroyed than survive and many 
factors undoubtedly play a role in this process. The results of this study sug- 
gest that the relative humidity may constitute one of the important factors in 
determining the survival of respiratory pathogens issuing from an infected host. 

SUMMARY 

White mice were exposed to atmospheres containing known amounts of 
atomized influenza A virus (PR8 strain) of constant potency under conditions 
of varying humidity. It was found that an amount of atomized virus suspen- 
sion which produced a 100 per cent mortality rate in animals exposed at 30 and 
30 per cent relative humidity, respectively, resulted in the death of only 22.5 per 
cent of mice at a humidity of 50 per cent. The humidities between these values 
gave intermediate results. 
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The infectivity of the air-borne virus decreased so rapidly at a humidity of 
50 per cent that it was impossible to secure a 100 per cent mortality rate in the 
exposed mice even by greatly increasing the dose of virus atomized. 

The use of a dialyzed virus suspension at a humidity of 50 per cent resulted 
in the death of all exposed mice. This suggested that the deleterious influence 
of humidity was related to the presence of sodium chloride in the atomized 
suspension. 

These findings with influenza virus closely resembled those obtained by 
Dunklin and Puck with pneumococci, streptococci, and staphylococci which 
would suggest that the factor responsible for the lethal effect of humidity is 
common to moist particles containing either the above-mentioned bacteria or 
influenza A virus. 

The author wishes to express his appreciation to Merle H. Ritter and Mabel Smith for 
their technical assistance in carrying out the experiments. 
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Previous quantitative studies of the antibody content of the sera of human 
beings injected with immunizing (1) doses of the specific polysaccharides of 
pneumococcus have dealt with analyses of sera after injection of two or three 
(reference 2) and four (reference 3) specific polysaccharides at one time. Since 
it was feasible for practical purposes to combine into a single solution as many 
as six polysaccharides of the pneumococcal types most commonly responsible 
for pneumococcal pneumonias in man, exact knowledge of the antibody response 
to the injection of so many chemically similar antigens appeared desirable. 
Data obtained with two different combinations of six polysaccharides are given 
in the present report. 


EXPERIMENTAL 

Medical student volunteers, after a preliminary bleeding (subscript 0), were injected 
subcutaneously with 1 ml. of a solution containing about 0.07 mg. each of six type-specific 
polysaccharides of pneumococcus. Subjects 201 to 206 received the specific polysaccharides of 
Types I, H, HI, V, VH, VTII pneumococcus, these being the types most common in pneumo- 
coccal pneumonia of adults, while Nos. 207 to 212 received Types I, IV, VL, XIV, XVIII. 
XIX, the types most common in the pneumococcal pneumonias of children. Both antigen 
solutions were prepared by E. R. Squibb and Sons. Subject J, a woman 63 years of age, re- 
ceived the first solution. Nine months after its inj'ection, sample Ji was tak en, when the 
antibodies formed were probably no longer at peak levels (2). From the other subjects a 
bleeding (subscript 1) was taken 6 weecs to 2 months after the injections. Analyses on sera 
202i and 210i could not be completed owing to accidental contamination, and additional 
samples 202^ and 21(h were procured 9.5 and 5.5 months after injection, respectively . 

Analyses were carried out according to the method mentioned in reference 4 and described 
in detail In reference 2. Precautions against bacterial contamination were taken owing to the 
large number of successive analyses required and the long standing n ecessar y for each analysis. 
Superscripts after values for antibody nitrogen indicate an unusually large number of absorp- 
tions for complete removal of the antibody in question. 


The work reported in this communication was carried out in’part under the Harkness 
Research Fund of the Presbyterian Hospital and was also supported through the Co mmissi on 
on Acute Respiratory Diseases, Army Epidemiological Board, Office of The Surgeon General 
United States Army. 
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DISCUSSION 

The analytical values for the type-specific antibody content of the sera of hu- 
man beings injected subcutaneously with a mixture of six type-specific polysac- 
charides of pneumococcus resemble those obtained in earlier quantitative micro- 

TABLE 1 


Micrograms Antibody Nitrogen Per 4 Ml. Prc- and Post-Immunisation Sera of 
Subjects Injected with Specific Polysaccharides of Pneumococcus Types 
I , II, III, V, VII, and VIII, 0.05 to 0.1 Mg. Each 


Antibody 
to 

cm 

C VI 

S I 

S II 

S III 

S V 

SVII 

S VIII 

sxiv 

201 o 

19 

17 

0 

5 

10*, 15 


0 

4,3 

3 

201 i 


53 

31 

64 

29 

21 

49* 

7 


202 o 

27 

21 

0 

3 

4*. 4 

0 


0,0 

0 

202j 


35 



(14)t 


15* 

6 


202, 


40 

3,3 

21 

1*, It 


0 

4,1 


203 o 

39 

30 

0 

1 

4*, 3 

0 

1 

0,0 

11 

203, 


52 

33 

33 

21 

107 

36* 

39* 


204ci 

20 

14 

0 

0 

0*, 0 

0 


0,0 


20-1, 


16 

3 

6 

2 

4 

11* 

18 


205o 

46 


0 

0 

i* 

0 

3 

6 


205, 


62 

15 

21 

ii 

1 

30> 

8 


200 0 

32 


0 

0 

0* 

0 

2 

3 


206, 


2S 

S 

18 

5 

0 

7> 

I 


Jo 

23 


0 

0 

4* 

0 

0 

0 i 


J. 

16 

15 

13 

10, 6 

12*, 16 

0 , s 

<31 | 

17 j 



C III «= C-substance derived from Type III pneumococcus. C VI, from Type VI; S I, S 
II, etc., refer to type-specific polysaccharides. 

* After removal of anti-C with C-substancc derived from Type III and possibly containing 
traces of S III. 

t Last analysis before contamination noted. 

analytical studies of the sera of subjects injected with two or three or four of the 
antigens at a time (2, 3). The total antibody response and the production of 
antibody to each antigen injected appeared to be as satisfactory as in the sub- 
jects treated with smaller numbers of polysaccharides. Variability of response 
and unequal reactivity of an individual to all of the type-specific polysaccha- 
rides in the mixture were encountered as frequent!}' as in the previous series. 

In marked contrast to the behavior of the groups previously studied, roughly 
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one-half of the subjects showed increases in the anti-C content of their sera after 
the injections. Since almost all of the specific polysaccharides contain C-sub- 
stance as impurity, it is possible that the intensity of the antigenic stimulus for 
production of additional amounts of anti-C increases with the number of poly- 
saccharides used, and, hence, the probably greater quantity of C-substance 
injected. Whether or not all of this or only a portion is antigenic in man is not 
known. 


TABLE n 


.Micrograms Antibody Nitrogen Per 4 ml. Sera of Siibjects Injected with Specific 
Polysaccharides of Pneumococcus Types I, IV, VI, XIV, XVIII, and XIX, 
0.05 to 0.1 Mg. Each 


Antibody 
to 

c 

S I 

sm* 

sm 

s VI 

SXIV 

sxvm 

S XIX 

207 o 

27 

0 

0 

0 

0 

0 

3 

0 

207, 

26 

54 


9 

2 

47 

9 ‘ 

6 

208 0 

6 

0 

0 

0 

0 

0 

5 

0 

208i 

55 s 

24 


16« 

4 

0 

52 

0 

209 0 

31 

0 

0 

2 

1 

4 

5 

1 

209i 

89 

24 


48‘ 

18 

56 

ii 

15* 

21O 0 

87 

0 

n 

0 

0 

7 

16 

0 

210i 

158 

50 


23 





210, 

199 

26 


21 

58 s 

23 

35 

44‘ 

211o 

29 

0 

l 

0 

0 

4 

0 

0 

21U 

32 

5 


5 

1 

9 

5 

0 

212 0 

56 

4 

3 

1 

1 

6 

2 

0 

212, 

57 

19 


5 

8 

70 

9 

14 


S HI ■was not in the mixture injected. Additional data on normals ■were sought. 


Attention is also directed to the relatively large proportion of the subjects 
whose pre-immunization sera contained measurable quantities of antibodies 
which precipitate with the specific polysaccharides of Types XIV and XVUI 
pneumococcus. 


SUMMARY 

1. The antibody response in human beings after the injection of six type- 
specific polysaccharides of pneumococcus appears to be roughly of the same 
magnitude for each type as after the injection of fewer antigens. 

2. A Larger proportion of increases in anti-C was noted in the present series. 
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3. Many of tlic pre-immunization sera tested contained antibodies reactive, 
ndth the specific polysaccharides of Types XIV and XVIII pneumococcus. 
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(Received for publication, June 14, 1948) 

Although the concentration of lipids in the blood and liver of the male and 
immature female bird does mot differ greatly from the range found in other 
species such as man and dog, avian lipid metabolism differs from mammalian in 
being under the control of ovarian hormones (1, 2). Thus, in the bird actively 
engaged in egg-laying there occurs a rise in the levels of fat, phospholipid, and 
cholesterol of the blood; in this state total lipids of the blood may rise as high 
as 4000 mg. per 100 cc., as compared with values of 500 mg. in the non-laying 
state. This rise in the various lipid constituents of the blood could be repro- 
duced in the immature female or male bird by the injection of such estrogenic 
compounds as estrone, estradiol, and stilbestrol. In stilbestrol-treated birds, 
values for plasma lipids as high as 10,000 mg. per cent have been observed (3). 
the response of the plasma lipids to this estrogen does not depend upon the fat 
content of the diet; it was shown to occur in starved birds as well as in those 
fed a fat-free diet (3). 

This distinctive feature of the lipid metabolism of the bird made possible the 
development of a new method for the study of experimental atherosclerosis. It 
is shown here that atheromatosis can be induced in the bird by the administra- 
tion of diethylstilbestrol, a procedure that results in a sustained hyperlipemia. 
An extensive study of this estrogen-induced lesion is presented here. In addi- 
tion, a comparison has been made between it and the atheromatosis induced in 
the bird by the feeding of cholesterol. 

Materials and Methods 

Thirty-six single comb White Leghorn cockerels reared on the low fat Poultry Division stock, 
diet (1) were divided at 3.3 months of age into 3 groups. Pellets of fused diethylstilbestiol, 
each weighing appro x i m ately 25 mg., were implanted subcutaneously in the birds of one group; 
each bird received a single pellet at the start of the experiment and another 30, 70, and 95 
days later. The birds of a second group were fed cholesterol at a level of 2 per cent in the diet. 

* A preliminary report appeared in Pros. Soc. Exp. Biol, and Med., 1946, 62, 315. 

t Aided by grants from the Life Insurance Medical Research Fund and the United States 
Public Health Service. 
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An amount of cottonseed oil sufficient to dissolve the cholesterol was used and mixed with the 
Poultry Division stock diet. The third group of birds was maintained on the stock diet as 
controls. 

The birds were weighed at intervals, and from time to time blood samples were removed 
from the alar vein. Blood was drawn into heparinized syringes, centrifuged, and the plasma 
separated. The concentration of cholesterol, phospholipids, and total fatty adds in this 
plasma was determined by a procedure described elsewhere (4). Free cholesterol was deter* 
mined in an acetone solution from which phospholipids had been precipitated. 

The birds were sacrificed by exsanguination. The aorta and major aortic branches were 
removed together. After fixation in 10 per cent solution of formaldehyde u.s.r., the vascular 
apparatus was opened longitudinally and its gross nppeantnee noted. Blocks of tissue were 
removed from each aorta at the following levels: apex of arch, interadrcnal region, and about 
1 cm. above the aortic bifurcation. Contiguous frozen sections cut from cadi block were 
stained with Sudan IV and hematoxylin (S) and Nile blue (6). An unstained frozen section 
was used for examination with polarized light. These blocks were then embedded in paraffin, 
and contiguous sections treated with hematoxylin and cosin stain, I-aidlaw’s connective tissue 
stain, and a combined VerhoefT-vnn Gicson stain (6). 

Arteriosclerosis in Untreated Male Birds: the. Control Group 

Spontaneous arteriosclerosis has repeatedly been observed in the bird (7-12). 
The gross and microscopic appearance of the aortas of the 12 control male birds 
studied here is summarized in Table I. 

Thoracic A orla . — 

Although grossly visible lesions occurred rarely in the thoracic aortas of our 
male birds (Table I), a minimal amount of lipid material was, however, visible 
microscopically in the intima of this portion of the aorta in 4 birds (Fig. 1). 
This minimal lesion, which is shown in Fig. 1, was unaccompanied by fibrous 
thickening. It consisted of deposits of fine lipid droplets in the connective 
tissue cells of the intima and adjacent portions of the media. As judged by 
examination with polarized light, cholesterol was absent in this lesion. 

The thoracic aortas of 8 of the birds were free of stainablc lipid material 
(Table I). An example is shown in Fig, 2. 

Abdominal Aorta . — 

Nine birds of this group (Table I) showed either gross and/or microscopic 
evidence of intimal thickening in the lower part of the abdominal aorta in the 
area just above the bifurcation. The lesion consisted of longitudinal ridge-like 
plaques 1 to 2 mm. wide and 7 to 15 mm. long. The gray or white color of this 
lesion indicates its fibrous nature. The earliest lesion was usually found on the 
anterior wall of the artery, whereas the more advanced plaques were found on 
both anterior and posterior walls. 

Early and late stages of this type of spontaneous arterial disease arc shown 
in Figs. 3 to 8. The larger or more advanced lesion (Figs. 5 to 8) consisted of 
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dense, wavy, hyalinized connective tissue fibers running parallel to the endothe- 
lium covering the plaque (Fig. 6). The fibroblasts between the collagenous 
fibers were enlarged (Fig. 6) and contained numerous small lipid droplets, par- 
ticularly in the deep portions of the plaques (Fig. 7). Fig. 8, which is a view 

TABLE I 

The Spcmlancous Lesion Found in the Aorta of Control 2 foie Birds 


(All birds were 3.3 months old at start of experiment) 




Thoradc aorta 

Lower abdominal aorta 

Bird 

A gc 

Number 


Grossly visible plaques J 

Microscopic examination 

sacrificed 

of grossly 
visible 
plaques 

Intima! 

thick- 

ening 

Lip- 

ids* 

Choles- 

terol; 

Num- 

ber 

Size 

Color 

Intimal 
thick* 
i eaiag 

Lip- 

ids* 

Choles- 

terol; 


mot. 






mm. 






ii 

0 

0 

0 

0 

0 



i+ 

i+ 

0 

15-27 

8 

0 

0 

1+ 

0 

0 



0 

o 

0 

15-28 

7 

31 

0 

2+ 

0 

0 



0 

0 

0 

15-55 

U 

0 

0 

0 

0 

0 



1 1+ 

1+ 

0 

15-79 

11 1 

0 

0 

0 

0 

i 

1 X 5 

White 

! 3+ 

2+ 

14- 

15-81 

8 

0 1 

0 

1+ 

0 

0 


! 

2-4- 

1-f 

14- 

15-82 

11 

0 

0 

0 

0 

0 



2+ 

2+ 

0 

15-90 

11 

0 

o 

0 

0 

2 

2 X 10 

Gray ; 

4+ 

2-4- 

0 







| 

1 xio j 

White 




15-91 

11 

0 

0 

0 

0 

2 

2X 15 | 

Yellow j 

4+ 

2-4- ! 

14- 








1 X 12 

Gray 




15-94 

11 

0 

0 

1+ 

0 

1 

1X7 

Grayish i 
white 

4-f 

2-f 

! 

14- 

15-99 

11 

0 

0 

0 

0 

0 



2+ 

2-4 

0 

15-88 

11 

0 

0 

0 

0 

0 

t 

; 

0 

l 

0 

0 


* As judged by Sudan IV and Nile blue stains, 
t Estimated by polarized light and Nile blue stain. 

§ Each plaque measured 0.5 X 0.5 mm. and was yellow in color. 

Histologic grading of lipid or cholesterol in artery: 

1+ = minimal amounts in intima only. 

2+ = present in media as well as intima but not extensively. 

3+ = moderate amounts in intima and media. 

4+ = abundant in intima and media. 

of a lesion with polarized light, demonstrates that some of this lipid is cho- 
lesterol. 

Although the above description refers only to the abdominal lesion in young 
male birds, this same lesion has also been observed in the female bird (12). 

The difference between the spontaneous lesions found in the thoracic and 
abdominal portions of the aorta is quite striking. Whereas that in the thoracic 
aorta consisted entirely of lipid material, the abdominal one, on the other hand, 
contained small amounts of lipids and appeared primarily fibrous in nature. 
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. TABLE II 

Lesions Found in the Aortas of StilbestroLTreated Male Birds 


(All birds were 3.3 months old at start of experiment) 


Bird 

Age 

when 

sacri- 

ficed 

Thoracic aorta 

Lower abdominal aorta 

Grossly visible plaques 

Microscopic 

examination 

Grossly visible plaques 

Microscopic 

examination 

Num- 

ber 

SUe 

Color 

to 

a 

i 3 

«l 

*ci 

3 

’o 

& 

O 

JO 

V 

Numbtr 

Site 

Color 

« 

JB 

a 

, u 

IS 

P 

Lipids 

t 

4f 

8 

1 

u 


mot* 


mrrt. 






HI If.. 





16-OS 

ii 

2 

15 X 1 

Yellow 

3+ 

3 + 

24- 

0 



m 

0 

m 




0.5 X 0.6 

" 

1 + 









15-10 

H 

1 

2X2 

44 

3+ 

3d* 

14- 

0 

1 


14- 

14- 

KB 

15-21 

0 

0 



0 

1+ 

0 

Not 














examined 






15-26 

11 

1 

12 X 2 

l( 

3+ 

2 + 

24- 

i 

12 X 1 

Yellow 

34- 

34- 

2+ 




1X2 

** 













1 X 1 

“ 




1 









1 X 1 

“ 










15-30 

10 

5 

All 2 X 2 

M 

2+ 

24- 

14- 

Not 














examined 






15-35 

8’ 

3 

0.5 X 0.6 

Orango 

3+ 

3-b 

0 

Not 














examined 






ESj 

0 

0 



2+ 

24- 

1+ 

1 

1 X 5 

U 

24- 

34- 

24- 

15-45 

11 

1 

1 X 1 

Yellow 

2+ 

24- 

24- 

1 0 


- 

14- 

34- 

0 

15-lsl 

11 

Nu- 1 

Cosier o- 


1+ 

14- 

14- 

i 0 



14- 

14- 

H- 



mrr- 

ing j 













oust 












15-53 

G 1 

0 1 

1 


0 

14- 

0 

0 



1+ 

14- 

0 

15-05 

ii 

0 



0 

24- 

24- 

<1 

0.5 X 0.5 

«l 

14- 

44- 

24- 



I 







1 X 7 

“ 




15-85 

8 

o 1 



o 

34- 

34- 

Not 














examined 







* Ono pole omnRO plaquo 1X1 mm. was found in rigbt brochiocoplmltc artery. 

X The entire thoracic aorta was involved. Numerous longitudinal lesions vrero also found in both brachio- 
cephalic arteries. 


Arteriosclerosis in Slilbcslrol-Trcatcd Male Birds 
Thoracic Aorta . — 

A considerable deposition of lipids was observed in the thoracic aortas of a 1 
12 birds of this group (Table II). As noted above, this condition was found in 
4 of the 12 control birds, but only to a minor degree. 

Gross Appearance of the Thoracic Lesion. — Grossly visible lesiorfs were found in 7 of the 12 
injected birds. In 4 of them (15-08, 15-10, 15-26, and 15-45) one or more ovoid, slightJy ele- 
vated intimal plaques were found on the convex side of the aortic arch about 1 cm. from the 
aortic valve. These lesions were lemon yellow in color, and measured from 1 to 2 mm. in 
width and as much as 15 mm. in length. When more numerous, they had a tendency to coal- 
esce. This was particularly evident in bird 15-48, in which many coalescing elevated yellow 
intimal lesions were present in the brachiocephalic arteries and throughout the aorta. In 
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bird 15-35, which was sacrificed 8 months after the injection of stiibestrol was begun, the most 
prominent lesion was a single plaque in the left brachiocephalic artery. In still another bird 
(15-30) small areas of the intima of the thoracic aorta were found to have a lemon yellow color, 
but these areas were neither elevated nor plaque-like. 

Microscopic A ppearance of the Thoracic Lesion— 'The significant microscopic finding was a 
lipid infiltration in the connective tissue cells of the intima and adjacent media (Figs. 10, 12, 
16, 17). The lipids were present as small droplets within the cytoplasm (Figs. 12, 17), and 
the bulk of it, when stained with Nile blue, was light pink in color. Moderately abundant, 
refractile, rod-shaped, or rectangular crystals were visible with polarized light in these layers 
(Figs. 13, 18). These lipid-infiltrated cells had a vacuolated cytoplasm (Fig. 15) when stained 
with hematoxylin and eosin. The lining endothelial cells were often swollen and vacuolated, 
and lipid globules could be demonstrated with specific stains. 

Microscopic examination revealed the presence of threk intimal plaques in the aortas of 8 
of the birds (Figs. 9, 14). The thickened intima consisted of large vesicular fibroblastic cells, 
supported by reticulum and collagenous fibers running perpendicular to the endothelial sur- 
face (Fig. 11). The more deeply situated fibers were collagenous and condensed. In addition, 
these intimal plaques contained distinct foam cells of the macrophage type. The newly 
formed intimal connective tissue cells likewise were filled with lipid material. There was no 
mitotic evidence of fibrous cellular proliferation. In 8 of the 12 birds small to moderate num- 
bers of refractile rod-shaped or rectangular crystals were seen with polarized light (Fig. 13). 
Inasinglestilbestrol-treated bird (15-48) greater amounts of cholesterol were discernible with 
polarized light than in any of the cholesterol-fed birds (Fig. 18). No alteration of the elastic 
tissue in the thoracic aorta was found in any of the slilbestrol-treated birds. 

Upper Portion of Abdominal A orta . — 

Gross Appearance. — In 5 birds, grossly visible lesions were found in the upper portion of the 
abdominal aorta at the level of the adrenal glands. In one bird (1 5—18) the lesion resembled 
that seen in the aortic arch. In the other 4, the lesions were small and few in number. They 
consisted of slightly elevated, rounded pale 3 'ellow or orange plaques which measured less than 
1 mm. in diameter. 

Microscopic Appearance. — In 8 birds, intimal thickening was demonstrated. In 5 birds 
this was minimal and consisted of a thin layer of vacuolated fibroblastic cells supported by 
coarse reticular fibers lying between the endothelium and the media. These cells, as well as 
some of the adjacent medial cells, contained lipid droplets. In only one bird (15-26), however, 
was it possible to demonstrate with polarized light a few spindle-shaped refractile crystals. 
In 3 birds, the intimal thickening was more prominent, usually leading to formation of flat- 
tened plaques on the anterior or posterior walls. In general, they consisted of fibroblastic 
cells supported by collagenous and reticulum fibers which tended to run parallel to the en- 
dothelial surface. The fibroblastic nuclei were flattened and lav in dear fusiform spaces, 
which were enclosed by connective tissue fibers and contained lipid droplets. In the larger 
plaques the deeper portions were more cellular, and these cells contained more lipid substance. 
In addition, the supporting reticulum and collagenous fibers in the larger plaques tended to run 
perpendicular to their surfaces. In the largest intimal plaques found in 3 birds, spindle-shaped' 
and rectangular refractile crystals were abundant. In birds in which intimal lipid deposition 
was abundant, moderate amounts of lipid substances were also present in the media. Most 
of this was intracellular, but some apparently lay in extracellular situations. Occasionally 
groups of lipid-containing foam cells of fibroblastic type were present in the medial layer be- 
neath the intimal plaques. There was no alteration of the elastic tissue, and the endothelial 
cells were not remarkable. 
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Lower Portion of the Abdominal Aorta . — 

Gross Appearance .— The lower portion of the aorta above the bifurcation was examined in 
only 8 birds (Tabic II). Three showed n ridgc-iit;c plaque on the anterior wall. The lesions 
of all 3 were distinctly lemon-yellow in color. These plaques measured approximately 1 mm. 
in width and between 7 and 12 mm. in length. 

Microscopic Appearance . — Microscopically demonstrable intimal lesions were found in 7 
birds (Table II; Figs. 19 to 23). Such lesions were composed of fibroblastic cells with com- 
pressed nuclei lying in clear spaces between wavy compact collagenous fillers. The latter 
tended to run parallel to the endothelial surface. Within the connective tissue cells were 
numerous lipid droplets. Only minimal amounts of rcfractilc crystalline material were seen 
with polarized light in these microscopic lesions. In the birds not showing intimal lesions the 
media contained moderately abundant intracellular lipid globules. 

The grossly visible ridge-like plaques that were found on the anterior arterial wall of 3 birds 
were almost large enough to obliterate the lumen (Fig. 19). In these birds the intima of the 
posterior and lateral walls was only mildly thickened and consisted of vesicular fibroblastic cells 
containing lipid and supported by circumferentially arranged collagenous fibers. 

The large anterior plaques referred to above resembled the spontaneous lesion but showed, 
in addition, the following changes. The deeper portions were relatively acellular and consisted 
of dense hyalinizcd collagenous fibers enclosing fusiform spaces (Fig. 20). The Latter contained 
vesicular fibroblastic cells. The long axis of the cells and fibers ran transversely. The fibers 
in the central portions of these plaques were swollen and homogeneous. Pools of vacuolated, 
protein-containing fluid lay between many fibers. Near the periphery were small calcific 
granules. The portion of the plaque adjacent to the endothelium was more cellular and con- 
sisted of vesicular foam cells of the fibroblastic type (Fig. 21). These were supported by deli- 
cate reticulum fibers tending to run perpendicular to the endothelium. The Latter was in- 
tact, and the cells were not altered. Sudan IV stain revealed abundant bright orange lipid 
globules in the plaque, most numerously in the deeper and central portions (Fig. 22). In the 
Latter situation, Large pools of extracellular lipid material were evident. Considerable amounts 
of lipid substance were also present in the medial layer. Polarized light revealed moderate 
amounts of rcfractilc rod-shaped or spindle-shaped or flat rectangular crystalline material in 
the plaque as well as in the thickened intima (Fig. 23). Beneath these Large plaques the in- 
ternal elastic membrane was thin. 

Arteriosclerosis in Cholesterol-Fed Male Birds 
Thoracic Aorta . — 

Gross Appearance . — In all 12 birds of this group numerous intimal plaques were found in 
all portions of tire aorta (Table III). In the thoracic portion of all but one (bird 15-89) these 
appeared as small, elevated, longitudinal streaks or pinpoint deposits. These lesions were 
most numerous on the convex surface of the intima, where they tended to coalesce. In most 
of the birds, the lesions were pale yellowish tan in color, although in two of them the plaques 
were yellowish white or yellowish orange in color. Similar intimal lesions were often visible 
in the cusps of the aortic valves, in sinuses of Valsalva, and in the brachiocephalic, carotid, 
subclavian, and femoral arteries. 

Microscopic Appearance . — All birds showed microscopicathcromatous lesions in the thoracic 
aorta (Fig. 24). There was a generalized intimal thickening with an increase in the number of 
intimal cells, most marked in those zones where grossly visible intimal plaques were present. 
Between the plaques were deep indentations. The endothelium was usually intact, but in one 
instance had ulcerated and a small mural thrombus had formed. The endothelial cells were ns 
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a rule enlarged and often had vesicular cytoplasm in which lipid droplets could be demonstrated. 
The thickened ultima consisted mainly of large cells of the fibroblastic type with oval, pale, 
vesicular nuclei and rather abundant clear, or occasionally granular, cytoplasm. Connective 
tissue fibers lay between these cells and tended to run perpendicular to the endothelial surface 
(Fig. 25). Near the latter, they had a fine texture and corresponded to reticulum. In the 
deeper intiraal layer they were coarse and collagenous. In one bird there was a zone of Sbro- 
cartilagcnous and hyalin-cartilagenous metaplasia of a portion of the thickened intimal con- 

TABLE HI 

Lesions Found in Aortas of Ckoleslerol-Fed Male Birds 
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* Both thoracic and abdominal portions conta in ed small coalescing tan intimal plaques in addition to the 
single ridge. 


X This single plaque extended from the level of the adrenal glands to the bifurcation. 

ncctive tissue. The thickened intima contained no elastic tissue. A few of the intimal cells 
were macrophages which contained lipid material; these cells had small compact rounded nu- 
clei. A few lymphocytes were present When stained with Sudan IV, all the intimal ceils 
and many of the medial connective tissue cells were shown to be richly supplied with bright 
orange lipid droplets which filled the cytoplasm (Figs. 26, 27). Smaller amounts of lipid ma- 
terial b.\ in extracellular situations. The amount of fatty material decreased toward the outer 
portion of the media, but was present as far as the adventitia. Large masses of retractile 
crystals were visible with polarized light in the intima and adjacent media (Fig. 28); these 
wc.c cither spindle-shaped or flat, notched, and rectangular. There was r.o alteration of the 
medial clastic tissue of the thoracic aorta. 
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Upper Portion oj the Abdominal Aorta.— 

Gross Appearance. — This portion of the nor to contained small tan plaques similar to those 
found in the thoracic aorta. They were less numerous and smaller than those in the thoracic 
aorta and hence showed less tendency to coalesce. 

Microscopic Appearance: The Intima. — Sections from the aorta at the level of the adrenal 
glands showed a thickened intima composed mainly of enlarged lipid-containing fibroblasts 
which were supported by a delicate collagenous and reticulum network. These fibers ran 
perpendicular to the endothelial surface and were usually more abundant and compact at the 
periphery of the inlimal plaques. Occasional lipid-filled macrophages were noted. Several 
aortic branches were occluded by a similar intimal fibrous thickening. A few small lipid 
droplets were present in and between the muscle cells of the adjacent media. There were 
numerous rcfractile rods in the thickened intima when viewed with polarized light. 

Beneath the widened intima, the internal clastic membrane was narrowed or absent in 
some areas. 

The Media. — The media was narrowed and small intimal calcific masses were present in 
those areas where the intimal thickening was particularly marked. 

The Plaque. — In several birds the anterior wall at this aortic level was the site of an intimal 
plaque which histologically appeared similar to the spontaneous abdominal lesions described 
for the control group. These were composed of moderately dense connective tissue fibers, 
lying parallel to the circumference of the vessel nnd enclosing compressed fihrocytic nuclei. 
The latter were surrounded by clear fusiform spaces filled with lipid droplets which stained 
bright orange with the Sudan IV nnd blue to pink with the nile blue. A few lipid droplets 
lay also in the muscular cells of the adjacent media. A moderate amount of rcfractile crystal- 
line material was present in these intimal plaques. In several instances, the inner portion of 
the plaque adjacent to the lumen was composed of large, lipid-filled, fibroblastic foam cells 
supported by a delicate collagenous and reticulum stroma. These cells were abundantly 
supplied with lipids including rcfractile material, and were identical with the intimal cells of 
the thoracic aorta. In n few birds, the intimal alteration at the level of tire ndrenal glands 
approached in severity that seen in Uic lower aorta above the bifurcation. 

Lower Portion of the Abdominal Aorta . — 

Gross Appearance. — As already noted, the intimal plaques of tills area were less numerous, 
smaller, and showed less tendency to coalesce than those described above. In the abdominal 
aorta of all birds in tills group, there were large longitudinal, ridge-like plaques in the inter- 
renal region. These plaques most frequently Jny on the anterior avail nnd measured 1 to 2 
mm. in width and 4 to 8 mm. in length. Infrequently, the posterior wall was similarly in- 
volved, though here the plaques were multiple, tended to fuse, nnd were tan-colored. 

The anteriorly situated plaques were usually yellowish, yellowish orange, or white in color; 
a few, however, were tan-colored. 

As a result of such extensive plaque formation, the lower abdominal aorta was usually quite 
rigid. 

hficroscopic Appearance . — Striking changes were observed just above the aortic bifurcation. 
The thickening of the intima on the anterior wall was usually extensive, forming a large plaque 
which almost occluded the lumen of the vessel (I'igs. 29 to 32). The posterior intima was also 
thickened (Fig. 29) and consisted of fibroblastic cells with abundant clear cytoplasm. These 
cells were supported by moderately dense, edematous, collagenous nnd reticulum fibers. Flic 
long axis of the nuclei and the intercellular fibers tended to run perpendicular to the endothelial 
lining of the vessel. This thickened intima! tissue extended laterally on both sides, reaching 
the lateral portions of the large pinque lying in the anterior wall. 
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In the central portions of the large anterior plaque, the connective tissue adjacent to both 
endothelium and media consisted of a thin compact layer of flattened fibroblasts and collagen- 
ous fibers running parallel to the circumference of the vessel. This resembled the connec- 
tive tissue arrangement of the spontaneous abdominal lesions. The endothelium was intact 
throughout, though the lumen was narrowed, slit-like, and crescentic. 

Beneath the large anterior plaque the media was atrophic and mildly fibrotic (Figs. 29, 
32). In some instances the media was absent, and masses of foam cells were found extending 
into the adventitia. The internal elastic membrane was absent, and the external one was thin 
and fragmented (Figs. 29, 32). 

The bulk of the plaque was composed of pale, eosinophilic, fibrillar}', almost mucoid, con- 
nective tissue containing very few flattened fibroblastic cells, Many of these were vacuolated 
(Fig. 33). Some of these cells were degenerating and enclosed numerous large clear fusiform 
spaces often arranged in a transverse herringbone manner (Figs. 30, 35). Small calcific 
granular masses were present at the periphery of the plaques (Figs. 32, 35). Occasionally the 
central portion of the plaque contained condensed fibrillary fibrin. Beneath the condensed 
connective tissue adjacent to the endothelium were moderate numbers of macrophages with 
abundant vesicular cytoplasm (Fig. 34). These were not enveloped by reticulum fibers. In 
the degenerated central portion of the large plaques, the reticulum and collagenous fibers were 
frayed, split, and often fragmented. Lipid material (Fig. 30) was abundantly present in the 
connective tissue cells of the thickened intima, posteriorly and anteriorly overlying the large 
plaque. Within the central portion of the latter, lipid droplets lay between the fusiform spaces 
and were largely in extracellular situations. 

Refractile material, as demonstrated with polarized light, varied in its distribution (Fig. 31). 
That in the thickened intima appeared as rods or flat rectangular plates. In the central por- 
tion of the large anterior plaque, there were many long needle-like crystals which at times were 
segmented. In one bird (15-89) the anterior plaque resembled more closely the spontaneous 
fibrous lesion, though lipid-containing foam cells of the fibroblastic type were seen at its lateral 
angles. 


Relation of the Lipids Deposited in the Aorta to Those in Plasma 

The concentrations of cholesterol, total fatty adds, and phospholipids found 
in the plasma of control, cholesterol-fed, and stilbestrol-injected birds are re- 
corded in Tables IV-VL They show that the 2 latter groups of birds differed 
not only in the total amounts of lipids contained in their plasma but also in the 
composition of these lipids (i.e., proportions of cholesterol, triglycerides, and 
phospholipids present). Thus in the stilbestrol-treated birds, values for total 
lipids well above 10,000 mg. per cent were not uncommon— the highest value 
was 17 ,700 mg.—, whereas in the cholesterol-fed birds the values for total lipids 
did not exceed 5000 mg. Although the concentration of pla sma cholesterol was 
in most cases higher in the stilbestrol-treated birds than in those fed cholesterol, 
this lipid constituent did not account for the difference in the total lipids o!h 
served in the 2 groups. It was the triglycerides and phospholipid components 
that accounted for the amazingly high concentrations of lipids in the plasma 
of the stilbestrol-treated birds. Values for phospholipids between 3000 and 
5000 mg. and values for neutral fat in the neighborhood of 9 to 10,000 mg. per 
100 cc. of plasma were not uncommonly found in the estrogen-injected birds. 
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In those fed cholesterol, on the other hand, the highest concentrations of phos- 
pholipids and neutral fat were respectively 645 and 3900 mg. 

As judged from reactions to stains and from examination with polarized light, 
the composition of the lipids deposited in the arterial walls differed in the choles- 
terol-fed and stilbestrol-injectcd birds. In the aorta of the former, cholesterol 
constituted the bulk of the lipids deposited, whereas in the stilbestrol-trcated 
birds lipids other than cholesterol-predominated. This finding is somewhat 


TABLE IV 

Plasma Lipids of Control {Untreated) Male Birds 
(AH lipid values arc expressed as mg. per 100 cc.) 
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surprising, for, as noted above, the concentration of cholesterol in plasma of the 
estrogen-treated birds was as great as, and sometimes greater than, that of the 
cholesterol-fed birds. The excessive amounts of phospholipids and triglyce- 
rides contained in the plasma of the estrogen-treated birds would appear to have 
influenced cholesterol deposition in the aortas. The extent to which plasma 
cholesterol accumulates in the aorta may depend not only on the absolute con- 
centration of .cholesterol in plasma, but also on the relative proportions of the 
various lipid constituents present in plasma. In other words, cholesterol may 
compete with other plasma lipids for space in the arterial wall. 













TABLE V 

Plasma Lipids of Slilbcsirol-InjecSed Male Birds 


(All lipid values are expressed as mg. per 100 cc.) 
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TABLE VI 

Plasma Lipids of Cholesterol-Fed Male Birds 


(All lipid values expressed as mp. per 100 cc.) ' 


Bird 

Period fed 
cholesterol 


Cholesterol 


Total fatty 
acids 

Phosnho. 

lipids 

Total 

lipids 

Toul 

Free 

Ester 


rw. 

i 

400 

98 

302 

610 

215 

m 


1.5 

322 

70 

252 

560 

197 

HU 

15-07 

2.5 

251 

101 

150 

76S 

253 

H9 


3.0 

271 

10S 

163 

819 

294 

1090 


6.5 

403 

296 

107 

2240 

505 

2640 


1 

185 

81 

10-1 

1140 

238 

Hi 

15-18 

2.5 

230 

147 

83 

1200 

383 

SB 9 


5.5 

172 

146 

26 

1S70 

537 

2040 

15-19 

1 

227 

139 

88 

3270 

518 

3500 

2.5 

226 

138 

SS 

2730 

492 

2960 


1 

184 

82 

102 

2650 

485 

2830 

1S-3S 

2.5 

590 

318 

272 , 

2500 

380 

3090 


3.0 

775 

238 

537 

3330 ; 

517 

4100 

15-59 

2.5 

236 

114 

122 

2380 

415 

2620 

6.5 

392 

306 

86 

4340 

575 

4730 


1 

251 

148 

103 

2610 

518 

2860 

15-60 

2.5 

425 

191 

234 

3520 

592 

3940 


4.5 

158 

139 

19 

2480 

645 

2650 

15-67 

2.5 

255 

129 

126 

3020 

3S7 

3270 


1.5 

566 

340 

226 

2280 

369 

2840 

15-72 

3.0 

387 

338 

40 

2720 

335 

3090 

4.5 

458 

247 

211 

3160 

558 

3620 


6.5 

555 

340 

215 

2300 

404 

2S50 

15-84 

2.5 

264 

110 

154 

595 

545 

S59 

6.5 

154 

9S 

56 

468 

547 

722 


1 

187 

79 

10S 

1210 

216 

1400 

15-86 

2.5 

234 

110 

124 

1720 

332 

1960 

4.5 

33S 

130 

208 

3450 

376 

3970 


6.5 

377 

290 

87 

3050 

440 

3430 


2.5 

175 

53 

122 

287 

120 

462 

15-89 

6.5 

254 

135 

119 

2520 

217 

2770 


1 

357 

177 

180 

1590 

225 

1940 

16-00 

2.5 

560 

360 

200 

2030 

356 

2590 

3.0 

720 

318 

402 

3260 

517 

3980 


384 












CHAEKOIT, LINDSAY, LORENZ, AND ENTENMAN 


385 


It is of interest to note that the plasma of the stilbestrol-treated birds was 
milky, opaque, and of the same lemon yellow color as the intimal lesions in the 
aortas of these birds. The plasma of the cholesterol-fed birds, however, was 
tan-colored and resembled the color seen in their intimal lesions. 

DISCUSSION 

Three forms of arterial disease in the bird are described here: the spontane- 
ously occurring one, that induced by stilbestrol injections, and that brought 
about by cholesterol feeding. These 3 lesions are fundamentally similar in 
nature. In the thoracic aorta, all 3 are characterized by lipid deposition 
within the intima and the adjacent media. They differ, however, in 2 impor- 
tant aspects: (1) the degree of lipid infiltration and (2) the proportion of the 
various lipids that infiltrate the wall of the artery. 

When present, the spontaneous thoracic lesion of the rooster was visible only 
by microscopic examination and consisted entirely of a lipid infiltration of the 
intima, none of which was identifiable as cholesterol. The degree of lipid infil- 
tration in the intima and adjacent media of the thoracic aorta induced by stil- 
bestrol and cholesterol feeding was great enough to produce grossly visible 
lesions which were accompanied by fibrous proliferation. Although cholesterol 
was identified in both of the experimentally induced thoracic lesions, the bulk 
of the lipid in the stilbestrol-induced lesion was not cholesterol, whereas in the 
cholesterol-fed bird cholesterol formed the bulk of the lipid infiltration. 

The basic abdominal lesion that occurs in all 3 types is fibrous in nature and 
appears finally as an elongated longitudinal plaque. In the untreated birds the 
plaque contained small amounts of lipid material, some of which was cholesterol. 
In the stilbestrol-treated birds the spontaneous fibrous plaque was heavily infil- 
trated with lipids, part of which was cholesterol. In those fed cholesterol, the 
spontaneous plaque was greatly modified by a heavy' deposition of cholesterol. 

In both the cholesterol-fed and the stilbestrol-treated birds, more lipids were 
deposited in the spontaneous fibrous plaque than in the neighboring normal 
vascular tissue. A similar phenomenon is found in man suffering from syphi- 
lids aortitis; atheromatous deposidon is most pronounced in those portions of 
the aorta which have been altered by' the syphilitic fibrosing process. These 
findings suggest that the fibrotic intima is more permeable to lipids than the 
normal. 

Two types of spontaneous arteriosclerosis are found in the bird, and, accord- 
ing to Dauber (12), one of these, namely the lipid infiltration of the intima of the 
Uioracic aorta, occurs only in the female bird. A minimal degree of lip^f in- 
filtration, however, was found also in the thoracic aortas of our control group 
of roosters. This same thoracic lipid lesion was also observed by us in several 
roosters and capons over 5 years of age. Thus, while this lesion occurs in both 
roosters and hens, it is obviously more extensive in hens, probably as a result of 
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the periodic lipemia associated wirh egg laying (1). With the artificially in- 
duced lipemia of cholesterol feeding or stilbcstrol implantation, this lipid 
infiltration of the thoracic aorta of the rooster is accentuated, and, when exten- 
sive enough, is associated with proliferation of fibroblastic foam cells. This 
process tends to involve the entire aorta, but is most striking in the thoracic 
portion. 

The second type of spontaneous arteriosclerosis seen in the bird is the ridge- 
like intimal thickening of the abdominal aorta. This occurs in both tire hen 
and the rooster, but in the former, according to Dauber (12), lipid is more 
abundant, again probably the result of the physiological lipemia associated 
with egg laying. The etiology of this fibrotic lesion is still obscure. In both 
sexes the lesion is fundamentally a fibrosing process in which lipid material 
gradually accumulates, so that greater amounts arc seen in older birds. Pro- 
longed lipemia produced by cholesterol feeding or by stilbcstrol implantation 
modifies this lesion by depositing in it excessive amounts of lipids. 

The lesion produced by stilbcstrol implantation more nearly resembled the 
spontaneous lesion than did the one occurring after cholesterol feeding. The 
cholesterol-induced lesion is striking because of its high content of cholesterol 
crystals. This type of arterial lesion should be considered part of a widespread 
cholesterol storage process and therefore in the nature of an artificial arterial 
disease. 

The results presented here clearly establish that a sustained hyperlipemia, 
whether of endogenous origin (stilbcstrol-injccted birds) or of exogenous origin 
(cholesterol-fed birds), can result in an infiltration of lipids in the aortic wall. 
While cholesterol forms a striking component of the experimentally induced 
atherosclerotic lesions studied here, it docs so mainly because of its insoluble 
nature. It would appear that lipids other than cholesterol also infiltrate the 
vascular wall, but these can subsequently diffuse out of the arterial wall. Cho- 
lesterol, on the other hand, after its deposition in the arterial wall, makes its 
appearance finally as large crystalline masses which are no longer movable. 

The late fibrotic abdominal plaque in the bird, particularly after modification 
by deposition of large amounts of cholesterol and other lipids, resembles the 
late atherosclerotic lesion found in man, for both are fibrous plaques containing 
cholesterol and other lipids. In the normal male bird, however, the large 
abdominal aortic plaque is present long before lipid deposits become abundant, 
whereas in man the lipid deposit precedes fibrous scarring. It is evident there- 
fore that, despite their similarity in appearance, the mechanism resulting in the 
formation of the abdominal lesion in the bird differs from that which produces 
human atherosclerosis. 


SUMMARY 

A new experimental procedure for the production of arteriosclerosis in the 
bird is described. The subcutaneous implantation of diethylstilbestrol by 
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means of which a sustained increase in the concentration of cholesterol, phos- 
pholipid, and neutral fat can be readily established, is shown to induce athero- 
sclerosis of the aorta. 

The atherosclerosis has been compared with that artificially induced in the 
bird by the prolonged feeding of cholesterol and also with that occurring spon- 
taneously. The stilbestrol-induced lesion more closely resembled the spon- 
taneously occurring one in the bird than did that produced by cholesterol 
feeding. But all 3 lesions were fundamentally similar, differing only in the 
amounts and proportions of the various lipid constituents present. 

The concentrations of cholesterol in plasma of the stilbestrol-treated and 
cholesterol-fed birds were of the same order. Yet cholesterol constituted a 
greater proportion of the lipids deposited in the arterial wall of the cholesterol- 
fed than in that of the stilbestrol-treated birds. This finding suggests that the 
cholesterol content of the vascular lesion depends not only on the absolute 
concentration of cholesterol in plasma, but also on the proportion of cholesterol 
to other lipid constituents in plasma. 
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ATHEROMATOSIS IN AORTA OF BIRD 


EXPLANATION OF PLATES 
Control Group 
Plate 17 

Fig. 1 . Bird 15-28. Thoracic aorta showing minimal lipid infiltration of intima 
and adjacent media, Sudan IV and hematoxylin stain. X 78. 

Fig. 2. Bird 15-90. Thoracic aorta showing absence of lipid deposition. Sudan 
IV and hematoxylin stain. X 78. 

Fig. 3. Bird 15-02. Abdominal aorta showing minimal intimal thickening without 
lipid infiltration. Sudan IV and hematoxylin stain. X 78. 

Fig. 4. Bird 15-02. Abdominal aorta showing early intimal fibrous thickening. 
Hematoxylin and cosin stain. X 210. 

Fig. 5. Bird 15-90. Abdominal aorta showing large fibrous abdominal plaque. 
Verhocfl-van Gicson stain. X 23. 

Fig. 6 . Bird 15-90. Abdominal aorta showing transverse arrangement of cells and 
fibers of the large abdominal plaque. Hematoxylin and cosin stain. X 820. 

Fig. 7. Bird 15-90. Abdominal aorta showing large intimal plaque with lipid 
deposition in the deeper portions. Sudan IV and hematoxylin stain. X 23. 

Fig. 8. Bird 15-91. Abdominal aorta showing large intimal plaque with cholesterol 
in the sites of lipid deposition. Polarized light. X 35. 






Slilbcstro! Group 
Plate 18 

Fig. 9. Bird 15-26. Thoracic aorta showing intimal thickening. Hematoxylin 
and cosin stain. X 78. 

Fig. 10. Bird 15-26. Thoracic aorta showing lipid infiltration of the inlima and 
adjacent media. Sudan IV and hematoxylin stain. X 78. 

Fig. 11. Bird 15-26. Thoracic aorta showing intimal thickening with vertical 
arrangement of reticulum fibers. Laidlaw slain. X 78. 

Fig. 12. Bird 15-26. Thoracic aorta intima showing lipid droplets in connective 
tissue cells. Sudan IV and hematoxylin stain. X 210. 

Fig. 13. Bird 15-26. Thoracic aorta showing deposition of cholesterol in intima 
and adjacent media. Polarized light. X 35. 

Fig. 14. Bird 15-48. Thoracic aorta showing intimal thickening. Hematoxylin 
and cosin stain. X 78. 

Fig. 15. Bird 15-48. Thoracic aorta showing vacuolated connective tissue cells 
of thickened inlima. Hematoxylin and eosin stain. X 78. 

Fig. 16. Bird 15-48. Thoracic aorta showing extensive lipid deposits in the intima 

and adjacent media. Sudan IV and hematoxylin stain. X 7S. 

Fig. 17. Bird 15-4S. Thoracic aortic intima showing lipid droplets in connective 

tissue cells. Sudan IV and hematoxylin stain. X 210. 

Fig. 18. Bird 15-48. Thoracic aorta showing deposition of cholesterol in intima 
and adjacent media. Polarized light. X 35. 










Stilbestro! Group 
Pl-ATF. 19 

Fig. 19. Bird 15-05. Abdominal aorta showing large fibrous abdominal plaque. 
VcrhoefT-van Gicson stain. X 25. 

Fig. 20. Bird 15-65. Abdominal aortic plaque showing mild vacuolization of 
connective tissue cells. Hematoxylin and cosin stain. X 210. 

Fig. 21. Bird 15-05. Abdominal aortic plaque showing marked vacuolization of 
connective tissue cells. Hematoxylin and cosin stain. X 210. 

Fig. 22. Bird 15-05. Abdominal aorta showing large intimal plaque with lipid 
deposition in plaque and remainder of vascular wall. Sudan IV and hematoxylin 
stain. X 25. (Compare with Fig. 7.) 

Fig. 25. Bird 15-05. Abdominal aorta showing largo intimal plaque with choles- 
terol in sites of lipid deposition. Polarized light. X 55. (Compare with Fig. S.) 




Cholesterol Group 
T’i.atk 20 

Fig. 24. Bird 15-84. Thoracic aorta showing intimal tliickcning. Hematoxylin 
and eosin stain. X 78. 

Fig. 25. Bird 15-72. Thoracic aortic intima showing perpendicular arrangement 
of reticulum fibers. Laidlaw stain. X 210. 

Fig. 26. Bird 15-26. Thoracic aorta showing lipid infiltration of the intima and 
adjacent media. Sudan IN' and hematoxylin stain. X 7S. 

Fig. 27. Bird 15-84. Thoracic aortic intima showing lipid droplets in connective 
tissue foam cells. Sudan IV and hematoxylin stain. X 210. 

Fig. 28. Bird 15-18. Thoracic aorta showing deposition of cholesterol in intima 
and adjacent media. Polarized light. X 35. (Compare with Figs. 13 and 18.) 

Fig. 29. Bird 15-07. Abdominal aorta showing large fibrous plaque and extensive 
intimal thickening. VerhoefT-van Gieson stain. X 23. (Compare with Figs. 5 and 
19.) 



(Chaikoff cl at: Atheromatosis in aorta of bird) 




Cholesterol Group 
Pi. ait. 21 

Fig. 30. Bird 15-07. Abdominal aorta showing large intimal plaque with lipid 
deposition in plaque and remainder of vascular wall. Sudan IV and hematoxylin 
stain. X 23. (Compare with Figs. 7 and 22.) 

Fig. 31. Bird 15-07. Abdominal aorta showing large intimal plaque with abun- 
dant cholesterol in sites of lipid deposition. Polarized light, X 35. (Compare with 
Figs. 8 and 23.) 

Fig. 32. Bird 15-84. Abdominal aorta showing large fibrous plaque and intimal 
thickening. VerhocfT-van Gieson stain. X 23. (Compare with Figs. 5 and 19.) 

Fig. 33. Bird 15-S4. Deeper portion of abdominal plaque showing vesicular fibro- 
blasts. Hematoxylin and cosin stain. X 210. 

Fig. 34. Bird 15-84. Superficial portion of plaque showing collections of macro- 
phages. Hematoxylin and eosin stain. X 210. 

Fig. 35. Bird 15-84. Abdominal plaque showing cholesterol clefts and calcific 
deposits. Hematoxylin and eosin stain. X 210. 
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The final proof for the correctness of the present view that experimental 
renal hypertension is caused by a humoral mechanism of renal origin would be ' 
the demonstration of the presence of a pressor substance of renal origin in 
the circulating systemic blood of animals with persistent hypertension of this 
type. The proof that essential human hypertension is of similar origin would 
be the demonstration of the corresponding substance in the blood of human 
beings with this type of hypertension. 

Although there are many reasons for assuming that in vivo the proteolytic 
action of the en 2 yme renin on a pseudoglobulin (hypertensinogen) in the plasma 
results in the formation of the vasoconstrictor substance hypertensin, a poly- 
peptide, nevertheless the final proof for the existence of this humoral mecha- 
nism in the circulating systemic blood of animals with persistent, benign, 
experimental renal hypertension has been lacking until now, and some investi- 
gators have asserted that in the later stages a neurogenic factor is responsible 
for the persistence of the elevated blood pressure. The present publication 
deals with the demonstration and identification of a pressor substance (hyper- 
tensin) in the systemic blood of animals in the earlier period of experimental 
renal hypertension. 

The development of the method for the detection of hypertensin in the blood 
was based on the finding of Bean (1) that the enzyme hypertensinase, which 
destroys hypertensin, is almost without activity at 0°C. By the elimination 
of hypertensinase activity immediately after the withdrawal of the syst emi c 
blood, and the immediate separation and precipitation of the plasma, it should 
be possible to detect any hypertensin present in the circulating blood at the 
time the specimen of blood is withdrawn. Furthermore, it has been shown 
by Sapirstein and collaborators (2) that at 0°C. renin continues to act on r enin 
substrate, although at a diminished rate, and that the reaction reaches equilib- 
rium in about 2 hours. Thus, by prolonged incubation of the plasma, in the 
cold, the action of a small amount of renin on the renin substrate in the blood 
can be enhanced, in vitro, and the presence of renin detected without the ad- 
dition of renin substrate. 


3S9 
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Method 

With 50 cc. syringes containing heparin solution, 200 cc. of blood was drawn rapidly from 
the jugular vein or femoral artery of a dog weighing 12 to 15 kilos. An IS gauge needle was 
used, so that the withdrawal of the entire amount was completed in less than 5 
minutes. Every syringeful of blood was immediately chilled by being emptied into a 250 cc. 
centrifuge cup standing in an acetone and dry ice bath, at — 20 C C. During the process of 
cooling, the blood was stirred constantly by a l>cnt glass rod attached to an air-driven stirrer. 
When the entire amount of blood had been put into the centrifuge cup, no more dry ice was 
added to the bath, the temperature of which was usually nlx>ut — 10'C. when that of the blood 
was about 5°C. The entire 200 cc. of blood was cooled to O'C. in not more than 10 minutes. 
The moment the blood had reached 0‘C.. the stirring was stopped and the centrifuge bottle 
containing the blood was removed instantly from the ice hath in order to avoid freezing of the 
blood. The blood was then centrifuged at 0 C C. for 50 minutes at 15,000 R.r.sr. in a brine- 
cooled centrifuge. After centrifugation the plasma usually had a temperature of about 7~C. 
The plasma, which was not hemolyzed, if freezing had been avoided, was drawn off by means 
of a previously cooled syringe, transferred to a cooled 250 cc. centrifuge bottle, and left stand- 
ing in a cooler at 0°C. for 24 hours. Two hours at 0 C C. was the minimum incubation time for 
the optimum yield of hypertensin. At the end of that time the plasma was transferred to a 
250 cc. beaker previously cooled in a deep freezer at — 20'C. The l>caker was placed in a 
dish containing a dry ice and acetone mixture at — 10’C. The pH of the plasma was now 
adjusted to 4.5 with 10 N HC1 solution by use of glass electrodes. About one-fourth of the 
cold plasma was poured into another 250 cc. beaker previously heated in a bath of boiling 
water. The plasma was stirred constantly while it was l>cing coagulated, and, when the 
temperature had readied 70°C., another fourth of the cold plasma was added. The heating 
was continued until the temperature of the plasma had reached at least P0°C. In this way 
the hypertensinase of the first fourth of the plasma acted nt Ixidy temperature for a very 
short time. At pH 4.5 a clear supernatant fluid resulted after heat coagulation of the plasma 
proteins. This liquid was filtered off with suction through a small BUchncr funnel. The 
pH of the clear filtrate was usually about 5.5 and was then adjusted to 7.4 with Jf/10 NaOH 
solution. The final volume, approximately one-fourth of the original amount of blood, or 
about 50 per cent of the plasma, was cooled to bod;' temperature and injected intrnvcnousl; 
into a trained unanesthetized dog. A 100 cc. syringe and an IS gauge needle were used for 
the injection, which lasted approximately 30 seconds. 


EXPERIMENTS 


The Demonstration of Hypertensin in the Systemic Blood of Normal Dogs after 
the Intravenous Injection of Various Quantities of Renin. — It was demonstrated 
first that the intravenous injection of the solution prepared in the manner 
described above from a large quantity of the serum of an animal with normal 
blood pressure has no pressor effect. As a control of the experiments sum- 
marized in Table II, samples of 200 cc. of systemic blood of normal dogs that 
had not received an intravenous injection of renin were treated by the method 
described above and tested for the presence of renin and hypertensin. Table I 
shows that the plasma from this quantity of blood of normal dogs did not 
contain or develop a pressor substance in an amount detectable by the method 
used. 

The next step was to demonstrate that the presence of renin in the circulating 
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blood can be detected. Since it is assumed that renin is the substance which 
initiates the humoral mechanism of experimental renal hypertension, the 
attempt was made to learn whether the result of the interaction of renin and 
renin substrate (hypertensinogen) in vivo, as well as in vitro, is hypertensin, 
which can be recovered from the circulating blood. For this purpose various 
quantities of standardized renin (3), of known potency, were injected into 
normal dogs, and the withdrawal of 200 cc. of venous blood was begun at the 
height of the rise of blood pressure, 2 to 3 minutes after the injection of the 
renin was completed. The blood was then treated in the manner described 
above for the demonstration of hypertensin. To demonstrate existent hyper- 
tensin, some of the specimens were coagulated by heat immediately after the 
separation of the plasma. In order to determine how much hypertensin would 
be formed by the amount of renin and hypertensinogen present in the sample, 

TABLE I 


Hypertensin in Systemic Blood of Normal Dogs 


Dog. No. 

Plasma from 200 cc. of blood 
(incubation at 0 S C.). 

Rise in blood pressure 
(direct mean femoral) 


krs. 


mm. 

£43 

24 hrs. ! 

0 

10-49 

it 

« i 

0 

10-48 

it 

a 

0 

10-47 

it 

it 

0 

10-45 

it 

u 

0 

10-48 

tt 

a 

0 


other specimens were allowed to stand at 0°C. for 24 hours before they were 
coagulated. The results obtained from the intravenous injection of 1 to 50 
units of renin are shown in Table H. They confirm the finding of Houssay, 
Braun-Menendez, and Dexter (3 a) that intravenously injected renin can be 
detected in the systemic blood. 

Table II shows that immediately after the intravenous injection of renin 
a non-protein, heat-stabile, vasopressor substance is rapidly formed, which 
can be isolated from the plasma, and which, when injected intravenously into 
a normal dog, produces a type of rise of blood pressure which is characteristic 
of hypertensin, viz. an immediate rise, which reaches a ma ximum in 1 minu te 
or less, and is of short duration, 3 minutes or less. Thus, it has been shown that 
the result of the action of renin on the substrate in the plasma in vivo is the 
same as that which occurs tn vitro (4). Table H shows that the amount of 
hypertensin found in the plasma during the first 5 minutes after the injection 
of renin increases with the amount of renin injected into the blood and that 
less failures of detection of hypertensin in the blood occur when larger am ounts 
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of renin are injected. Even after the intravenous injection of only 1 unit of 
renin there is some formation of hypertensin, amounting to as much as half 
a unit in 200 cc. of blood, if the plasma is coagulated immediately after separa- 


TABLE II 


Dos No. 

Weight 

Units of rentn 
injected 
intravenously 

Plasma Iron 200 cc. 
of blood 
(kept at 0*C.) 

Rise in blood 
pressure (direct 
mean femoral) 

S-72 


i 


nrt. 

0 

10-44 


i 

— 

0 

9-33 

36 

i 

— 

15 

10-24 

29 

i 

— 

15 

10-10 

19 

i 

— 

10 

9-32 

47 

i 

24 hrs. 

0* 

10-62 

30 

i 

II II 

30 

9-32 

47 

i 

<1 it 

25 

10-35 

26 

5 

— 

30 

10-14 


5 

. 

0* 

9-32 


5 



30 

10-14 

WlM . ■ 

5 

— 

0* 

1041 

23 

5 

— 

30 

10-14 

27 

5 ' 

— 

10 

84S 

23 

5 

— 

40 

8-43 

40 

5 

— 

10 

8-82 

29 

5 

— 

30 

10-10 

42 

5 

— 

40 

10-29 

30 

5 

24 hrs. 

50 

943 

19 

5 

<c it 

50 

10-27 

2S 

10 

— 

0* 

9-95 

32 

10 

— 

30 

3-31 

4S 

10 

— 

0* 

10-10 

42 

10 

— 

40 

9-87 

20 

10 

— . 

40 

9-32 

33 

20 

— 

30 

10-19 

47 

20 

— 

30 

943 

25 

20 

24 hrs. 

60 

10-36 

31 

50 

(I <1 

75 


* These failures to demonstrate any pressor effect, and also the variations, are probably due 
to technical errors, or to destruction of the hypertensin during preparation. 


tion, and about 1 unit if the plasma is kept at 0°C. for 24 hours before it is 
coagulated by heat. 

The Demonstration of Hypertensin in the Systemic Blood of Dogs with Benign 
Experimental Renal Hypertension. — For this series of experiments dogs were 
made hypertensive by constriction of their main renal arteries (5). In some 
dogs this operation was performed unilaterally, but in most of the animals 
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both renal arteries were constricted and, alter the blood pressure had risen to 
a hypertensive level, blood was withdrawn from the jugular vein and treated, 
in the manner described above for the demonstration of hypertensin. 

TABLE m 


la) Hypertensin in plasma cr doss with experimental hypertension after unilateral clamping of the main 
' renal artery. 


Dog No. 

Weight 

Period of 
hypertension 

Blood 

pressure 

Amount 
of blood 

Incubation 

1 zt 0°C. 

Rist in blood 

1 pressure 


lbs. 

days 

■ 

cc . 


rr.Tr., 


20 

3 

m . 

190 

— 

0 

10-39 

30 

4 

Kl 

400 

24 hrs. ] 

25 


29 

11 


400 

ft « 

30 

10-39 

30 

20 

wM 

400* 

It CC 

ot 


(b) Hypertensin in plasma of dogs with experimental hypertension after bilateral clamping of the main 

renal arteries. 


Dog. No. 

Weight 

Period of 
hypertension 

Blood 

pressure 

Amount 
of blood 

Incubation 

at0°C. 

Rise in blood 
pressure 

mm 

lbs. 



nm.Bi 

cc. 



mm. 

■ 

23 

2 days 

125 

300 


— 

15 

in 

30 

3 

«< 

190 

70 

i 

— 

5 

10-27 

26 

5 

It 

140 

225 

24 

hrs. 

25 

1040 

1 22 

It 

It 

140 

300 

It 

« 

0 

10-30 1 

20 | 

11 

“ 

190 

450 

it 

It 

15 

10-30 

20 | 

19 

it 

180 

330 

It 

U 

40 

1047 

28 

23 

it 

175 

360 

If 

ft 

30 

9-22 

24 

25 

It 

200 

400 

te 

ft 

0 

10-29 

33 

79 

II 

190 

200 


— 

10 

10-29 

33 

89 

It 

190 

200 

24 

(< 

0 

10-29 

33 

3 

mos. 

190 ' 

520 

ft 

CC 

20 

8-67 

38 

18 

Cl 

190 

200 


— - 

15 

4-61 

37 

3 

yrs. 

200 

200 


— 

0 


* The plasma filtrate, after precipitation, mas concentrated to 17 cc. by pervaporation. 
t Some of the failures to demonstrate a pressor effect, and also the variations, may have 
been the result of technical errors or destruction of the hypertensin during preparation. 


After unilateral or bilateral constriction of the renal arteries, the pressor 
substance was detected in the systemic blood of some of the dogs with esperi- 
mental benign renal hypertension that had existed for as long as 3 months 
(see Table III), especially when large amounts of blood were tested. 

The amount of blood necessary for the detection of half to 1 unit of the 
pressor substance (about 200 cc.) is equal to about one-fifth of the whole 
blood volume of the animal. In control tests it was noticed that when an 
unusually large amount (oOO cc.) of blood was drawn from single normal 
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animals, the plasma supernatant (after heat coagulation of the plasma) also 
gave a slight pressor effect, up to half a unit of hypertensin in 350 to 500 cc. 
blood. To eliminate this possibility of misinterpretation of the results, samples 
of not more than 200 cc. of blood were taken from each of several normal and 
hypertensive dogs and pooled. Each large sample was treated in the manner 
previously described for the demonstration of hypertensin and the final products 
were pooled and concentrated by pervaporation in front of a revolving fan, at 
room temperature, in a 2 inch cellophane tubing, from about 400 cc. to 50 cc. 
or less. Control tests with known amounts of diluted hypertensin showed that 
by this method of concentration about one-third of the hypertensin activity 
is lost. 


TABLE IV 

Hypertensin in Large reeled Samples of Bleed 


Normal dogr 


Amount of pooled 
systemic blood 

Incubation at 0‘C. 

Treated plasma 
concentrated to cc. 

Rise in blood pressure 
(direct mean femoral) 

cc. 



rir>. 

soo 

24 ltrs. 

25 

0 

soo 

it H 

25 

0 

700 

it il 

35 

0 

1500 

H it 

50 

0 


Hypertensive does 


700 

24 hrs. 

35 

30 

1500 

II it 

50 

45 

800 

72 " 

17 

30 


Table IV shows that in -chronic benign experimental hypertension, hyper- 
tensin can be demonstrated in the circulating blood, if large amounts of sys- 
temic blood pooled from several animals arc used. 

The Demonstration of Hypertensin in Blood from the Renal Vein of an Is- 
chemic Kidney. — It has been shown that by the addition of renin substrate to 
the renal vein blood from an ischemic kidney, and incubation, hypertensin 
can be demonstrated (6), although none can be detected without the addition 
of the hypertensinogen. The addition of the latter presumably allows the 
renin present in the blood to form more hypertensin. Yet it seemed important 
to demonstrate the formation of hypertensin from the renin and hypertensino- 
gen present in the renal venous blood from an ischemic kidney, by the method 
described in this paper. 

Table V shows that it was possible to demonstrate the existence of hyper- 
tensin and, by inference, renin, in the renal vein blood from a kidney the renal 
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artery of which was constricted. Renal vein blood from, a normal kidney did 
not contain hypertensin. 

In normal dogs, one renal artery was constricted by a clamp. After 4 days, when the 
blood pressure had risen 40 to 70 mm. Hg above normal, the dogs were anesthetized with 
ether and, by retroperitoneal approach, renal vein blood from the normal kidney as well as 
from the kidney with renal artery constricted was taken by separate rapid cannulation of 
both veins. The bloods were treated in the usual manner, immediately after withdrawal, 
and also after an incubation period of 24 hours at 0°C. 

The Demonstration of Hypertensin in the Systemic Blood of Dogs with Experi- 
mental Renal Hypertension of the Malignant Type— Both main renal arteries 
of dogs were constricted so that the malignant type of hypertension (7), with 
renal insufficiency and necrotizing arteriolitis, resulted. 1 

TABLE V 


Hypertensin in Stood from Renal Vein 



Amount of blood 

Incubation of 
plasma at 0°C. 

Rise in blood 
pressure (direct 
mean femoral) 


cc. 


rr.m. 

Normal renal vein blood 

125* 


0 

(I it ts (t 

145* 

24hrs- 

0 

Ischemic renal vein blood 

200 

— 

20 

<1 <1 it tt 

160 

24 hrs. 

45 


* The amount of normal blood was less, but there was not sufficient difference to account 
for the difference in content of pressor substance. 


Table VI shows that in the malignant phase of experimental renal hyper- 
tension the existence of relatively large amounts of hypertensin in the systemic 
blood can be demonstrated. In 300 cc. of systemic blood of dog 10-34, weigh- 
ing 20 pounds, 6 units of hypertensin were detected, after incubation for 24 
hours. 

The Effect of Hyperlensinase on the Pressor Substance Derived from the Sys- 
temic Blood of a Normal Dog, after the Intravenous Infection of Renin, and from 
the Systemic Blood of a Dog with Malignant Hypertension. — If the pressor sub- 
stance present in the blood of animals with experimental renal hypertension 
is really hypertensin, it should be destroyed by hypertensinase. 

Control experiments were performed first, of which the following are 
examples. 

Twenty units of hog renin were injected intravenously into a normal dog, No. 943, and, 
after 2 minutes, 200 cc. of blood was withdrawn from the jugular vein. The blood was 
chilled immediately to 0'C. and centrifuged for 1 hour in the cold. The plasma was then 
separated and left standing at 0=C., for 24 hours. The 120 cc. of plasma was then divided 
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into two equal parts. The first part was immediately coagulated by heat, after adjustment 
of pll to 4.5. The second part was first subjected to the action of the hypertensinase in the 
blood by incubation nt 40°C. for 24 hours and then also coagulated by heat, after adjustment 
of pll to 4.5. Both samples were filtered through Utlchner filters, and the pH of the filtrates 
was adjusted to 7.2. Then the solutions were injected into normal dogs to test for the hyper- 

TABLE VI 


Bypertensin in Bleed pj Dogs with Experimental Malignant Bawl Hypertension (Boll: Renal 

Arteries Greatly Constrielctl) 


Dog No. 

Weight 

Period of 
hyper- 
tension 

Blood 

pressure 

t 

Amount 
of blood 
withdrawn 

Incubation 

Total yield 
of depro- 
trinUed 
plasma 

Amount 
injected 
to test 
for pressor 
effect 

Ktse in blood 
pressure 
(direct mean 
femoral) 

mm 

iu. 

days 

nm. 

cc. 

bs. 

mm 

mmm 


1 

30 

o 

220 

500 

o 

mm 

II 


mSm 

31 

2 

175 

S50 

mm 

— 

BS 


wEn 

29 

3 

185 

70 

II 

mm 

! 30 

1 15 


1 21 

3 

185 

190 

V 

mm 

80 

0 

10-45 

1 23 

o 

| 205 

300 

mm 

120 

60 

40 




i 




60 

50 

10-34 

i 23.5 

2 

175 

290 

24 

120 

20 

30 


* Dog 10-30 was tlic only one that was not uremic when the sample of blood was taken, 
but tliat azotemia alone is not accompanied by the accumulation of renin or bypertensin in 
the blood is shown by the absence of a pressor substnnee in the blood of two bilaterally 
ncphrcctomizcd dogs with pronounced azotemia (sec below). 


Hypertension in Blood of Bilaterally Nephrecloinized Azolentic Dons 


Don. No. 

Weight 

Period 
after \ 
bilateral 
nephrec- 
tomy 

Blood 

pressure 

Amount 
of blood 

Incubation 

i 

Total 

yield 

Amount 
injected \ 
to test for 
pressor , 
effect 

Rise In blood 
pressure 
(direct mean 
femora!) 

1 ' 1 

lit. 

days 

■ 

cc. 

hn. \ 

CC. 

mm 

rtm. 


44 

3 

■ 

200 

KB 

lips 

II 

0 

SIIPISB 

49 

2 

mm 

300 

Efl 

■ 

mm 

0 


4 Both dogs had azotemia at the time the sample of blood was withdrawn for detection 
of a pressor substance. In dog 10-19 the blood urea nitrogen was 192 mg., the creatinine was 
9.5 mg., and the COr combining power was 40.1 volumes per 100 cc., while in dog 10-56 the 
values were blood urea nitrogen 99.8 mg., creatinine 7.2 mg., and CO: 43.5 volumes per 100 cc. 

tensin present. Part 1 (without hypertensinase action) gave a rise of 60 mm. Ilg. Furl 2 
(with hypertensinase action) gave a rise of -20 mm. Ilg. 

The same experiment was repeated. About 2 minutes after the intravenous injection of 
10 units of hog renin into dog 9-98, 200 cc. of blood was withdrawn. Parti (without hyper- 
tensinase action) gave a rise of 35 mm. Ilg, Part 2 (with hypertensinase action) gave no rise. 

In another experiment, the plasma from 200 cc. of blood of a dog with malignant hyper- 
tension was treated in tlic manner described above for tlic demonstration of bypertensin. 
Of this plasma, 20 cc. gave a rise of 30 mm. Ilg when injected intravenously into a normal 
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dog. The re mainin g 60 cc. was divided into three parts. One part was incubated at 40 5 C. 
with 10 cc. of normal dog plasma, containing hypertensinase. The hypertensin was com- 
pletely inactivated in 1 hour. A second part was incubated at 40 = C., with a plant hyper- 
tensinase preparation, (150 units), derived from wheat bran (8), which does not destroy 
adrenalin or hydroxytyramine, but does inactivate hypertensin, produced in vitro. The 
hypertensin was completely inactivated in 1 hour. The third part was used as control (not 
treated) and gave a rise of 30 mm. Hg. 

These three tests show that the pressor substance which forms in the systemic 
blood after the intravenous injection of renin, or after the constriction of the 
main renal arteries, is destroyed by hypertensinase. Since incubation with 
plasma containing hypertensinase, or with plant hypertensinase, destroys 
only hypertensin, and does not affect adrenalin or hydroxytyramine, the pressor 
substance in the systemic blood of dogs with experimental renal hypertension 
must be hypertensin or some similar substance. 

Chemical Properties of the Pressor Substance in the Systemic Blood of Animals 
with Experimental Renal Hypertension of the Malignant Type. — Plasma from 
the systemic blood of dogs with malignant hypertension was used to test for 
some of the chemical properties which characterize known hypertensin. Dur- 
ing the processing of the plasma the substance was subjected to boiling for 
10 minutes at pH 4.5, and remained active. Therefore, the substance is heat- 
stabile and acid-fast. An amount of processed plasma capable of giving a 
rise of 30 mm. Hg if injected intravenously into an unanesthetized normal dog 
was boiled for 10 minutes at pH 12.5. After the solution had been cooled, 
the pH was adjusted to 7.4 with normal HC1. This procedure resulted in 
complete destruction of the pressor activity. The same amount of processed 
plasma was dialyzed against cold running tap water for 18 hours. The pressor 
substance disappeared from the solution in the tubing. The same amount 
of processed plasma was extracted three successive times with ether, in a 
separatory funnel, but the pressor activity was not affected by this procedure. 

Thus the pressor substance in the circulating systemic blood of dogs with 
the malignant type of experimental renal hypertension is a non-protein 
substance, heat-stabile, dialyzable, acid-fast, alkali-labile and ether-insoluble. 
These qualities are characteristic of hypertensin. 

DISCUSSION 

Many attempts have been made to demonstrate the existence of a pressor 
substance in the systemic blood of hypertensive animals: — 

Collins and HoSbaucr (9) transfused blood equal to 20 per cent of body weight 
from a hypertensive dog to a normal dog without obtaining an elevation of blood 
pressure in the recipient dog.* 

Katz, Friedman, Rodbard, and Weinstein (10) transfused up to 2500 cc. of blood 
from a hypertensive dog into a normal dog, by cross-transfusion, without getting a 
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positive result. Similar experiments, with negative results, have been performed by 
Houssay and Fasciolo (11). Solandt, Nassim, and Cowan (12) transfused up to 3 
liters of blood from hypertensive animals into normal dogs without producing a rise in 
blood pressure, but they did observe an elevation of blood pressure when such large 
amounts of blood were transfused into bilaterally ncphrcctomizcd animals. 

Although I. H. Page (13) was unable to show any pressor effect in 60 cc. of blood 
from hypertensive dogs, yet later he was able to detect a vasoconstrictor substance 
in 0.4 cc. of plasma from dogs with experimental renal hypertension, if it was perfused 
through an isolated rabbit’s car. There is no proof that this effect was due to hyper- 
tensin and the work has not been confirmed by others (14). 

Heymans and Bouckacrt could not demonstrate a pressor substance in up to 20 cc. 
of blood from hypertensive dogs (IS), and others (IS, 19) have failed to find hyper- 
tensin in the blood of hypertensive patients or animals, or in the blood of animals 
after an intravenous injection of renin. 

The failure of all these attempts to detect the pressor substance in the sys- 
temic blood of dogs with experimental renal hypertension can be explained by 
the inadequate amounts of blood tested and the failure to avoid destruction of 
the pressor substance by’ the action of hypertensinase during the tests. 
Dell’Oro and Braun-Menendez (16) detected renin in both the renal venous 
blood and in blood from the femoral artery' of dogs witli experimental renal 
hypertension that had lasted only a few days. They' detected it in as little as 
12 cc. of plasma by adding hypertensinogen to enhance the action of the renin 
and by’ testing for the hypertensin formed. On this account, their estimate 
about the amount of renin (100 to 200 units) constantly' circulating in the 
sy'stemic blood of a dog in the earliest stage of experimental renal hypertension 
is probably too high. The results of our study show that pressor substance 
is present in small quantity* in the circulating blood; therefore, even in the 
earliest stage, but especially in the later stage of the benign phase of experi- 
mental renal hypertension, a large amount of blood must be tested if the hyper- 
tensin is to be detected without enhancing the action of renin by the addition 
of hypertensinogen. This amount corresponds to from one-fifth to one-third 
of the animal’s blood. But even then the pressor substance cannot be demon- 
strated if the action of tire hypertensinase of the plasma is not inhibited. Since 
1 cc. of plasma contains almost 1 unit of hypertensinase (17), the 300 to 400 
units of hypertensinase can quickly* destroy* the 1 unit of hypertensin present 
in this amount of blood, if no precautions are taken to prevent this reaction. 

If the blood is even slightly* liemolyzcd, much greater amounts of hypertensinase 
are available for the destruction of the small amount of hypertensin present 
in the circulating sy’stemic blood, because red blood corpuscles are rich in 
hypertensinase, and the detection of hypertensin is therefore likely to fail. 
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SUMALARY 

1. A method has been developed which makes possible the demonstration of 
a pressor substance in the circulating systemic blood of dogs with experimental 
renal hypertension. 

2. After the intravenous injection of renin into normal dogs, it was possible 
to detect a pressor substance formed in the systemic blood. After the in- 
travenous injection of 1 unit of renin, as much as 1 unit of the pressor substance 
was detected in the plasma from 200 cc. of systemic blood. 

3. Large amounts of systemic blood pooled from several normal dogs did 
not contain detectable amounts of pressor substance. 

4. In experimental renal hypertension due to unilateral or bilateral con- 
striction of the main renal arteries, a pressor substance was demonstrated in 
large amounts of systemic blood, corresponding to from one-fifth to one-third 
of the total blood volume. This was accomplished without the addition of 
hypertensinogen to enhance the action of the renin in the blood. In an animal 
weighing about 15 kilos, with benign hypertension up to 3 months’ duration, 
about 3 to 5 units of this pressor substance are probably constantly circulating 
in the entire systemic blood. 

5. The pressor substance was also detected in a relatively small amount of 
renal vein blood from an ischemic kidney. 

6. In the systemic blood of dogs weighing about 15 kilos, with malignant 
experimental renal hypertension, from 15 to 25 units, or more, of the pressor 
substance are present in the entire circulating blood. 

7. The pressor substance which appears in the systemic blood of dogs with 
experimental renal hypertension, and of normal dogs after intravenous injec- 
tion of renin, is destroyed by hypertensinase. 

8. The pressor substance obtained from the systemic blood of dogs with 
experimental renal hypertension has the same physiological and chemical 
properties as hypertensin produced in vitro. It is therefore suggested that the 
name hypertensin be adopted for the pressor substance which causes experi- 
mental renal hypertension. 

9. In this study the animals in the benign phase of hypertension were almost 
all in the early stage (3 months or less). Whether the humoral mechanism 
obtains in animals in the late stage, after years of hypertension, or in any form 
of human hypertension is being investigated. 
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STUDIES ON A PROTEOLYTIC ENZYME IN HUMAN PLASMA 
III. Some Factors Controlling the Rate of Fibrinolysis* 
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The clot which forms when oxalated plasma is recalcified and allowed to 
stand at 37°C. usually dissolves after a variable period of time. It has been 
pointed out elsewhere (1) that this fibrinolysis is particularly frequent in 
patients with chronic hepatic disease. Despite considerable recent interest 
in the nature of the proteolytic activity of plasma, little attention has been 
paid to the mechanism by which clotted human blood dissolves. The current 
report describes certain phenomena which may contribute to an understanding 
of this mechanism. 

In 1893 Dastre (2) observed that canine fibrin was partially digested when it stood 
in its own serum. Shortly thereafter, Delezenne and Pozerski (3) showed that serum 
contained a proteolytic enzyme which not only digested fibrin, but gelatin and casein 
as wdl. They observed too that treatment of dog serum with chloroform greatly 
increased its proteolytic activity, and indeed, untreated serum actually inhibited 
proteolysis. Since then, a large body of evidence has accumulated that the blood 
contains both a proteolytic enzyme system capable of digesting fibrin, and inhibitors 
of this enzyme system. The manner in which chloroform acts is not dearly under- 
stood, but Delezenne and Pozerski noted that it decreased the inhibitory activity of 
plasma against proteolytic enzymes. It has been suggested that the proteolytic 
enzymes present in chloroform-treated plasma globulin are then activated spontane- 
ously, perhaps by autocatalysis (4, 5). As a preliminary hypothesis, then, it might 
be assumed that the rate of fibrinolysis is determined by the relative concentrations 
of enzyme and inhibitor. 

Rapid fibrinolysis was first described clinically by Goodpasture (6), in patients 
with cirrhosis of the liver. He noted that the addition of normal plasma to that of a 
patient with atrophic rirrhosis prevented rapid dot lysis. For this reason, Good- 
pasture suggested that rapid fibrinolysis in patients with liver disease was due to a 
decrease in the concentration of an inhibitor of plasma proteolytic enzyme, rather 
than to an excess of the enzyme itself. 

More recently, Madarlane and Pilling (7) restudied the mechanism of fibrinolysis. 
A dilute solution of the globulin of plasma preripitated at pH 5.5 promoted dot lysis. 
Hcdin (8) had shown that this fraction exhibited proteolytic activity. Moreover, 
Madarlane and Pilling found that the globulin of a patient whose dot lysed rapidly 
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was fibrinolytic in a concentration one-eighth that of normal globulin. On the other 
hand, that fraction of normal plasma not precipitated at pH 5.5 inhibited clot lysis. 
This latter fraction, obtained from a patient whose dot lysed rapidly, was less in- 
hibitor)’ than that of normal human beings. Macfarlane and Pilling condudcd that 
the spontaneous proteolytic activity observed in their subjects was due to an increase 
in the concentration of plasma proteolytic enzyme and perhaps to a decrease in the 
inhibitor of this enzyme as well. 

The mechanism of fibrinolysis has been reinvestigated, taking advantage of 
the apparent parallel between the fibrinolytic and cascinolytic activity of 
plasma. Data will be presented which indicate that the concentration of the 
proteolytic enzymes in plasma did not differ between normal persons and those 
whose plasma clots lysed rapidly. Furthermore the rate of fibrinolysis could 
not be related to the ability of the patient’s plasma to inhibit proteolysis. 
However, the inhibitory' activity of plasma was unstable and decreased during 
incubation at 37°C. Evidence will be presented which- indicates that the 
speed with which a clot dissolved was related to the deterioration of the un- 
stable inhibitory' activity. 


Methods and Materials 

Venous blood was drawn under aseptic conditions from the antccubital vein of human 
subjects and transferred to a 50 cc. centrifuge tube containing 0.2 cc. of oxalate mixture for 
each 5 cc. of blood added (9). The subjects selected were apparently normal adults, personnel 
or medical students at the Johns Hopkins Hospital, and patients on the medical and surgical 
wards. 

The rate of fibririolj-sis was determined on each plasma. The clot lysis time was the inter- 
val between the rccalcification of plasma and the solution of the resultant clot. Using the 
necessary technique for sterility, a volume of 0.5 cc. of plasma was pipetted into a Wassermann 
tube and rccalcificd with 0.1 cc. of m/ 20 calcium chloride. The number of days which elapsed 
until the clot dissolved was called the clot lysis time. The sterility of clots which dissolved 
in 2 days or less was confirmed bacteriological!)’. A detailed study of the clot lysis time in 
normal and diseased states has been reported separately (1). 

Enzymatic activity was determined by methods previously described (5, 9). The enzyme- 
substrate mixture was incubated at 37°C., and the degree of proteolysis was determined by 
assaying the prccipitablc protein ncphclomctrically before and after digestion. The sub- 
strate used was a 0.3 per cent solution of casein (vitamin-test, Smaco), dissolved with gentle 
heating in 0.004 N sodium hydroxide. To measure the prccipitablc protein, 2 cc. of 12.5 per 
cent hydrochloric acid, and 0.5 cc. of 20 per cent sulfosalicylic acid were added in rapid suc- 
cession to a 1 cc. aliquot of the solution to be tested. Maximal turbidity appeared in about 
5 minutes and was read in a cuvette of 10 mm. internal diameter with a Coleman, Jr., spectro- 
photometer at a wave length of 420 mp. With the tube, instrument, and lot of casein used, 
an optical density of 0.225 was equivalent to a concentration of 1.0 mg. of casein per cc. of 
enzyme-substrate mixture. At a wave length of 420 m;x, the degree of turbidity followed 
the Lambert-Beer law to an optical density of approximately 0.650. 

In an earlier publication (5), it was shown that the plasma proteolytic enzymes activate 
by chloroform or by streptococcal fibrinolysin digested casein in direct proportion to the con- 
centration of the enzyme preparation until approximately 0.7 mg. of casein per cc. remame 
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Beyond this point, digestion was not linear. For this reason, it was often convenient to 
express the activity of proteolytic enzyme preparations in terms of arbitrary digestion units, 
such that 50 digestion units of enzyme digested 0.50 mg. of casein per cc. of enzyme-substrate 
mixture in 1 hour. 

It should be emphasized that the enzyme and inhibitor fractions prepared in these studies 
were crude and were not purified products or single substances. A mote detailed description 
of the nomenclature and techniques employed has been given in recent publications (1, 5, 9). 

EXPERIMENTAL 

The Relationship between the Spontaneous Proteolytic Activity of Plasma 
Globulin and the Clot Lysis Time 

In earlier papers (5, 9), the optimal conditions for the demonstration of 
proteolytic activity in plasma globulin were described. The spontaneous 
activity of this preparation was slight. An attempt was made to relate the 

> TABLE I 


The Spontaneous Proteolytic Activity of a Plasma Globulin Preparation and the Clot Lysis Time 


Patient 

Clot lysis time 

Enzymatic activity 


days 

» r-cdcc." 

Du. 

i 

0.11 

Co. 

2 

0.13 

St. 

5 

0.13 

Fr. 

6 



* Milligrams of casein digested per cubic centimeter of enzyme-substrate mixture in 16 
hours. 


rate of fibrinolysis with the spontaneous proteolytic activity of this plasma 
globulin. 

A 2 cc. portion of sterile plasma was diluted with 38 cc. of water in a round bottomed 
centrifuge tube, and sufficient 1 per cent acetic add added to bring the pH to 5.2, as measured 
with a Beckman pH meter. The predpitate which resulted was separated by centrifugation 
for 15 minutes in an angle centriiuge (rim diameter 10 inches) at 1500 and dissolved 

in 5 cc. of 0.85 per cent sodium chloride solution buffered to pH 7-35 with u/20 potassium 
phosphate (buffer). A 2 cc. portion of this globulin solution was then mixed with 2 cc. of 
0.3 per cent casein solution, and the amount of casein digested during a 16 hour period of 
incubation at 37°C. was measured nephelometrically. A few drops of toluol were added as 
a bacteriostatic agent. The clot lysis time was determined on an aliquot of 0.5 cc. of the 
same plasma. 

The results of one such experiment are recorded in Table I. Plasmas of 
tivo patients with Laennec’s cirrhosis were compared with those of two normal 
adults. No correlation was noted between the clot lysis time of these subjects 
and the spontaneously developing proteolytic activity of a globulin precipitated 
from Uie same plasma. This was also true when the globulin was precipitated 
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from scrum rather than plasma. Furthermore, the supernatant solution 
after the precipitation of globulin at pH 5.2 showed no spontaneous proteolytic 
activity. 

The Relationship between Chloroform-Activated Plasma Proteolytic Activity 

and the Clot Lysis Time 

The major portion of the in vitro proteolytic activity of plasma or serum is 
in an inactive state. Dclczcnnc and Pozerski (3) observed that treatment of 
scrum with chloroform greatly increased its proteolytic activity. It seemed 
reasonable to suppose that the proteolytic activity of globulin, after treatment 
with chloroform, was a measure of the total available proteolytic activity. 
Therefore, the relation was studied between the clot lysis time and proteolytic 
activity which developed under standard conditions in chloroform-treated 
globulin. 

In previous papers (5, 9), certain conditions were described for the activation of a pro- 
teolytic enzyme system in plasma globulin. Briefly, maximal activity was observed when 
the globulin fraction of plasma precipitated at pH 5.2 was dissolved in buffer, mixed with 
chloroform, and incubated for 16 to 22 hours at 37°C. 

The globulin precipitate of 2 cc. of plasma was prepared in the manner described a bow, 
and dissolved in 0.5 cc. of buffer. A half cc. portion of chloroform was then added, the cen- 
trifuge tube closed with a rubber stopper, shaken for 10 seconds, and allowed to stand for 
approximately IS hours in a water bath at 25 e C. The contents of the tube were then trans- 
ferred to a graduated 15 cc. centrifuge lube, diluted to 5 cc. with buffer, and centrifuged for 
10 minutes at 2000 it.p.st. in the angle centrifuge. An aliquot of 2 cc. of the supernatant 
solution was then mixed with 2 cc. of 0.3 per cent casein, and incubated at 37°C. for 1 hour 
The proteolysis of casein was measured by determining the protein concentration of the 
enzyme-substrate mixture ncphclomctrically before and after incubation. Enzymatic 
activity was recorded in terms of arbitrary digestion units per cubic centimeter of plasma. 

The chloroform-activated proteolytic activity of the plasma globulin fraction 
of 83 patients with a wide variety of illnesses including chronic hepatic disease 
was compared with the clot lysis time determined simultaneously on an aliquot 
of the same plasma (Fig. 1). No correlation could be demonstrated between 
the clot lysis time and the chloroform-activated plasma proteolytic activity. 

■ That is, the rate of fibrinolysis was not related to the proteolytic activity which 
appeared in plasma globulin when it was incubated under standard conditions 
with chloroform. 

The Relationship between Fibrinolysin-Aclivatcd Plasma Proteolytic Activity 
and the Clot Lysis Time 

It has been demonstrated that the fibrinolytic property of hemolytic strepto- 
coccal filtrates was due to the activation of a proteolytic enzyme present in 
plasma globulin (9-12). The probable identity of the proteolytic enzymes 
activated by streptococcal filtrates and by chloroform was demonstrated by 
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these authors. However, the proteolytic enzyme prepared by activating 
plasma globulin with streptococcal filtrates was always more active than that 
prepared with chloroform (4, 9). Therefore, the possibility that the concen- 
tration of this fibrinolysin-activated enzyme correlated with the dot lysis 
time was tested. 



CLOT LYSIS TIME IN DAYS 

Fig. 1 . The relationship between dot lysis time and chloroform-activated plasma proteo- 
lytic activity in the globulin fraction of the same plasma in 83 patients. 

The globulin predpitatc of 2 cc. of plasma was prepared in the manner described above 
and dissolved in 10 cc. of buffer. An aliquot of On cc. was diluted with In cc. of crude 
streptococcal fibrinolysin, prepared from the H4dA strain of group C beta hemolytic strepto- 
coccus (9). Briefly, the filtrate of cultures of the streptococcus in trypticase soy broth was 
used as a crude fibrinolysin. The concentration of fibrinolysin varied somewhat from batch 
to batch. Each lot was tested to be sure that 1.5 cc. of filtrate was in excess of that amount 
necessary to activate all the available precursor of proteolytic enzyme present in 0.1 cc. of a 
test plasma. Approximately 1 minute after the streptococcal fibrinolysin and globulin 
solutions were mixed, a 2 cc. portion of 03 per cent casein solution was added and the protein 
digested during 1 hour at 37 5 C. was determined ncphelometricallv. 
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The plasmas of 39 patients with various illnesses including chronic hepatic 
disease were studied. No relationship could he demonstrated between the 
clot lysis time and the streptococcal fibrinolysin-activatcd plasma proteolytic 
activity (Fig. 2). 



CLOT LYSIS TIME IN DAYS 

Fig. 2. The relationship between clot lysis time and streptococcal fibrinolysin-activatcd 
plasma proteolytic activity in the globulin fraction of the same plasma in 39 patients. 

The Relationship between the Ability of Plasma to Inhibit- Plasma Proteolytic 
Enzyme and the Clot Lysis Time 

Since rapid fibrinolysis could not be correlated with changes in the available 
proteolytic activity of plasma, the inhibitory activity of plasma against the 
proteolytic enzyme was investigated. 

To test the inhibitory activity against plasma proteolytic enzyme a measured 
amount of plasma (or its fractions) was added to enzyme. This enzyme- 
inhibitor mixture was then mixed with casein and the amount of casein digested 
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was measured nephelometrically. The enzyme used was a pool of chloroform- 
activated globulin diluted so that it digested approximately 0.50 mg. of casein 
per cc. of enzyme-substrate mixture in 2 hours. This concentration was 
chosen so that the amount of casein digested during the 2 hour period would 
be directly proportional to the concentration of enzyme, without further cor- 
rection. Streptococcal fibxinolysin-activated enzyme was not used since any 
excess fibrinolysin might activate any precursor present in the inhibitor. 

A preliminary study was made to determine the optimal length of time to in- 
cubate inhibitor and enzyme before the addition of substrate. 

In a typical experiment, 1 cc. of plasma was diluted with 29 cc. of buffer. A 5 cc. portion 
of this diluted plasma was mixed with 10 cc. of chloroform-activated enzyme, and the mixture 
was then incubated at 37°C. At intervals, aliquots of 2 cc. of the mixture were removed and 
refrigerated in a salt-water mixture at — 10°C. All the tubes were thawed simultaneously 
and 2 cc. of 0.3 per cent casein added to each. The enzyme-inhibitor-substrate mixtures were 
then incubated at 37°C. for 2 hours, and the amount of substrate digested determined nephelo- 
metrically. This was compared with the proteolytic activity of the same amount of enzyme, 
mixed with buffer instead of the inhibitory plasma. 

The proteolytic activity of the chloroform-activated enzyme was unaffected 
by incubation at 37°C. for 15 minutes before the addition of substrate. Maxi- 
mal inhibition of this proteolytic activity was observed when the enzyme and 
inhibitor were incubated together for 10 minutes before the addition of sub- 
strate (Fig. 3). 

Quantitative study of the inhibition of plasma proteolytic enzyme requires 
a knowledge of the relationship between the concentration of inhibitor and 
the degree of inhibition. Christensen and MacLeod (12) measured the in- 
hibition of chloroform-activated and fibrinolysin-activated plasma proteolytic 
enzyme by an albumin preparation precipitated from pooled serum and purified 
by reprecipitation and dialysis two times. They observed that the degree 
of inhibition was directly proportional to the concentration of albumin. This 
was in contradistinction to the action of pancreatic trypsin inhibitor, in which 
the inhibition was proportional to the logarithm of the concentration 
of inhibitor. 

One cc. of fresh plasma or plasma fraction was diluted serially with buffer. One cc. of 
each of these dilutions of plasma was added to 2 cc. of pooled chloroform-activated enzyme 
in a Wassermann tube. At the same time, as a control, 1 cc. of buffer was added to 2 cc. of 
enzyme. The enzyme-inhibitor and enzyme-buffer mixtures were incubated at 37'C. for 
10 minutes. A 3 cc. portion of 0.3 per cent casein was then added to each tube, and the 
amount of protein digested during 2 hours at 37’C. measured nephelometrically. 

The data of one such experiment using plasma albumin prepared by precipi- 
tation with ammonium sulfate have been plotted in Fig. 4. These indicate 
that with the enzyme, inhibitor, and substrate employed, the degree of inhibi- 
tion of chloroform-activated plasma proteolytic enzyme by fresh plasma 
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albumin was proportional to the logarithm of the concentration of the albumin. 
In other words, a large change in the concentration of inhibitor led to a rela- 
tively small change in the inhibition of the enzyme. The same relationship 
between the concentration of inhibitor and the degree of inhibition was observed 
whether the inhibitory substance tested was fresh whole plasma, fresh serum, 
the albumin precipitated from fresh plasma by ammonium sulfate, or the 
supernatant "albumin” fraction which remained after the acid precipitation 
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Pig. 3. The relationship between the proteolytic activity o! an enzyme-inbibitor-substrate 
mixture and the duration of incubation of enzyme and inhibitor before the addition of sub- 
strate. 

of fresh plasma globulin. Moreover, this relationship was found to exist in 
each of 12 patients tested. Since the method of assay and the substrate 
employed differed from those employed by Christensen and MacLeod, the 
differences in result were not necessarily contradictory. The relationship 
between inhibitor concentration and the degree of inhibition suggests that 
inhibitor and enzyme react in accordance with the law of mass action. 

With this information, the inhibitory activity of the rough albumin fraction 
of fresh plasma of 33 patients, some of whom had chronic hepatic disease, 
was tested against chloroform-activated enzyme and compared with the clot 
lysis time determined on these same specimens of plasma. 
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A volume of 2 cc. of plasma was diluted with 38 cc. of water and sufficient 1 per cent acetic 
add added to bring the pH to 5.2. The resultant precipitate was separated by centrifugation 
and 8 cc. of the supernatant solution mixed with 2 cc. of buffer. A 1 cc. aliquot of this rough 
“albumin” fraction was then added to 2 cc. of pooled chloroform-activated plasma proteolytic 

enzyme. Simultaneously, 1 cc. of buffer was added to 2 cc. of the enzyme as a control. The 

enzyme pool was such that in the final dilution used it would digest approximately 0.50 mg. 
of casein per cc. of enzyme-substrate mixture in 2 hours. The enzyme-inhibitor and enzyme- 
buffer mixtures were incubated for 10 minutes at 37 °C. and 3 cc. of 0-3 per cent casein then 



Fig. 4. The relationship between the concentration of plasma albumin and its inhibitory 
activity against plasma proteolytic enzyme. 


added to each tube. The amount of protein digested at 57“C. during a 2 hour period was 
then determined ncphelometrically. 

No constant relationship could be demonstrated between the inhibitory 
activity of the supernatant “albumin” against chloroform-activated plasma 
proteolytic enzyme and the dot lysis time (Fig. 5). In some experiments, 
the plasma of patients whose dots lysed rapidly was less inhibitory than that 
of normal human beings, but this was not a constant finding. Similar studies 
vith fresh whole plasma and serum showed no constant relationship between 
inhibitory activity and the dot lysis time. That is, the rate of fibrinolysis 
could not be corrdated adequately with the inhibitory activity of fresh plasma, 
scrum, or albumin against plasma proteolytic enzyme. 
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Changes in the Inhibitory Activity of Scrum during the Incubation of a 
Recalcificd Plasma Clot 

No definite relationship, then, could be demonstrated between the rate of 
fibrinolysis of recalcificd plasma and the relative available proteolytic activity 
or inhibitory activity present in plasma. Several alternatives suggested 



CLOT LYSIS TIME IN DAYS 

Fig. 5. The relationship between the dot lysis time and the inhibitory activity of fresh 
plasma albumin against plasma proteolytic enzyme in 33 patients. 

themselves. Perhaps caseinolysis was not a measure of fibrinolytic activity; 
or, on the other hand, mechanisms might have been involved other than those 
already discussed. The experiments next to be described indicated that the 
latter hypothesis is at least partially valid. 

During the course of these studies it was observed that the plasma of a 
patient whose clot lysed rapidly was less inhibitory than normal plasma, when 
the plasmas had been refrigerated at 4°C. for several days before testing. In- 
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deed, a rough relationship between dot lysis time and the amount of inhibitor 
in these stored plasmas could be demonstrated. These data intimated that 
rapid fibrinolysis might be due to a rapid decrease in the inhibitory activity 
of the serum during the incubation of the dot. The following experiments 
were designed to test this hypothesis. 

Using sterile te chni que, oxalated plasma from one patient was pipetted in 2 cc. amounts 
into each of several Wassermann tubes, and recalcified with 0.4 cc. of ir/20 calcium chloride. 
The tubes were closed with rubber stoppers, and the dots were then incubated at 37°C. One 
hour later the serum was expressed from the dot in one of the tubes with a sterile wooden 
applicator stick. This tube was then centrifuged and the serum stored in a sterile lusteroid 
tube in a solid carbon dioxide refrigerator at — 70°C. Each day the serum of another dot 
was separated from its fibrin and stored. After the dot had lysed, the serum in other tubes 
was stored in the same manner from day to day. When the entire series had thus been frozen, 
all the tubes were thawed simultaneously and 1 cc. of each specimen was then diluted with 
19 cc. of buffer. A 1 cc. aliquot of each diluted serum was then added to 2 cc. of chloroform- 
activated enzyme, and the enzyme-inhibitor mixtures were incubated for 10 minutes. Then 
an equal volume of 0.3 per cent casein solution was added to each enzyme-inhibitor mixture, 
and the protein digested during incubation at 37°C. for 2 hours was measured nephelometri- 
cally. These studies were performed on the plasmas of several patients, simultaneously, 
usually comparing a known rapid and slow lysing plasma; the dot lysis times were determined 
on aliquots of the same plasmas. 

The data of several such experiments have been plotted in Fig. 6. These 
demonstrated that the inhibitory activity of serum decreased rapidly in patients 
whose clots lysed rapidly, and more slowly in those whose clots lysed slowly. 
In each experiment the inhibitory activity was approximately the same in 
each serum when lysis occurred. Once fibrinolysis took place, virtually no 
further decrease in inhibitory activity was observed, although in no case did 
all inhibitory activity disappear. In other words, the rate of fibrinolysis 
could be related directly to the rate of decrease in inhibitory activity of serum 
when the clot was incubated at 37°C. It will be noted that in these experiments 
the initial inhibitory activity of the serum of patients whose dots lysed rapidly 
was usually less than that of patients whose clots lysed slowly. This had not 
been observed when fresh plasma was tested, and may indicate that some 
deterioration of inhibitory activity occurred during storage in the carbon 
dioxide refrigerator. 

The nature of the decrease in inhibitory activity was investigated but re- 
mained obscure. The effect of the fibrin dot itself or calcium was tested. 
Oxalated plasma was incubated at 37°C. without recalcification, and 1 cc. 
portions were removed at intervals and stored at — 70°C. These aliquots 
were thawed simultaneously and their inhibitory activity determined as in 
the previous experiment. Again the dot lysis time could be correlated with 
the decrease in inhibitor}' activity of the plasma. In other experiments, the 
oxalated plasma was clotted by recaldfication. One hour later the serum 
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These studies demonstrated that the decrease in inhibitory activity during 
the incubation of a recalcified plasma clot at 3/ C. did not depend upon the 
presence of calcium or fibrin. Furthermore, the proteolytic activity of the 
diluted serum or plasma, tested upon the same concentration of casein but 
with the substitution of buffer for chloroform-activated enzyme, was zero. 
Therefore, the changes observed could be attributed to a decrease in inhibitory 
activity rather than a simultaneous increase in the spontaneous plasma proteo- 
lytic activity. 

The decrease in inhibitory activity was due to a change in the rough albumin 
fraction. Plasma was incubated at 37°C. and aliquots were refrigerated 



Fig. 7. Changes in the inhibitory activity of the serum albumin during the incubation at 
37°C. of sera from patients Z and H. See text. 

from time to time as in the earlier experiments. The aliquots were thawed 
simultaneously, diluted with 19 volumes of water, acidified to pH 5.2, and the 
globulin precipitate removed by centrifugation. The supernatant “album in ” 
solutions were diluted with half a volume of buffer, to neutralize the acetic 
acid. The inhibitory activity of these “albumin” fractions, like that of whole 
plasma, decreased during the course of incubation at 37°C. (Fig. 7). 

In summary, then, the clot lysis time was correlated with the decrease in 
inhibitory activity against chloroform-activated plasma proteolytic enzyme 
which occurred during the course of incubation of plasma or serum at 37°C. 
In those patients whose clots lysed rapidly, the inhibitory activity of the p lasm a, 
serum, or albumin reached a minimum more rapidly than normally. After 
clot lysis had occurred, there was little or no further decrease in the amount 
of inhibitor present, although inhibitory activity was not completely abolished. 
The phenomenon was unrelated to the presence of calcium or fibrin. 
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DISCUSSION 

The experiments which have been described hint at possible explanations 
for the phenomenon of rapid fibrinolysis occasionally observed in human 
plasma. The clot lysis time could not be correlated with the total available 
proteolytic activity which resides in plasma globulin, at least as measured by 
the several techniques used. On the other hand, no relationship was demon- 
strated between the clot lysis time and the ability of fresh plasma to inhibit 
plasma proteolytic enzyme. However, when recalcificd plasma was incubated 
at 37°C., its inhibitory activity against plasma proteolytic enzyme gradually 
decreased until a relatively stationary minimum was reached. This occurred 
at approximately the time that the clot ly’sed. In any given experiment, the 
minimal level of activity' of several plasmas was approximately the same, but 
the rate at which this minimal level was reached varied with the rate 
of fibrinoly'sis. 

No attempt was made to correlate rapid fibrinolysis with the amount of 
fibrinogen in these plasmas. However, Geill (14) and others have demon- 
strated that the concentration of fibrinogen in the plasma of patients with 
all but the most catastrophic liver disease is either normal or slightly elevated. 
Consequently, it seems unlikely' that a decrease in available substrate is a 
common concomitant of rapid fibrinolysis. 

The nature of the decrease in the inhibitory' activity' of plasma is not clear. 
This is due in part to a dearth of information concerning the chemical composi- 
. tion of the inhibitory substance or substances. It was apparently not depend- 
ent upon the presence of calcium or fibrin. A similar phenomenon was de- 
scribed by Jobling and Petersen (13) in 1914, but they' did not relate it to clot 
lysis. These authors reported that the trypsin-inhibiting activity of serum 
decreased 5 to 10 per cent during the first few days of incubation and then 
remained constant indefinitely'. 

Perhaps the inhibitory' activity of plasma depends upon a mixture of labile 
and stable components. The labile component deteriorates during the incuba- 
tion of the clot at 37°C. Thus far, attempts to define the nature of this deteri- 
oration have not been illuminating. Certain preliminary observations suggest 
that oxidation may be one of the ways that labile inhibitor is destroyed. It 
was observed that clot lysis was always more rapid in \Vassermann tubes 
which were plugged with cotton compared with those dosed with rubber 
stoppers; but ready access to oxygen was not the only variable in such ex- 
periments. Furthermore, mild oxidants were shown to speed clot lysis, but 
the data arc sufficiently equivocal not to permit any definite conclusions. It 
is of interest that the inhibitory activity' of plasma was recently' found by' 
Grob (IS) to be diminished in the presence of oxidants. Moreover, he ob- 
served that reconstituted proteins, prepared from the purified plasma protein 
fractions of Cohn and his associates, had only a small fraction of the inhibitory 
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activity of fresh serum or plasma against plasma proteolytic enzyme, when 
tested by methods similar to thoseYeported here. In the present study, similar 
observations were made upon individual protein fractions. 1 This suggests 
that the labile inhibitor may not be precipitated with the proteins or may have 
been destroyed during the fractionation process. 

Finally, several alternative hypotheses might explain the mechanism of 
deterioration of the labile inhibitor of plasma proteolytic enzyme. Con- 
ceivably, there may be an enzyme in plasma which destroys the labile inhibitor, 
and such an enzyme may be present in excess in patients with short clot lysis 
times. Or the labile inhibitor of patients with short clot lysis times may be 
qualitatively more susceptible to deterioration than that of normal human 
beings. Or some substance or substances present in normal plasma may be 
capable of slowing the deterioration of labile inhibitor, and these substances 
may be lacking in the patient with rapid fibrinolysis. These various hypotheses 
are now the subjects of further investigation. 

SUMMARY 

Methods are described for the assay of chloroform-activated and fibrinolysin- 
activated plasma proteolytic enzyme, and for the determination of the inhibi- 
tory activity of plasma or other substances against chloroform-activated 
enzyme. 

The inhibitory activities of plasma, serum, and crude plasma albumin 
against chloroform-activated plasma proteolytic enzyme were proportional 
to the logarithm of the concentration of the inhibitory substance tested. 
This suggests that enzyme and inhibitor react in accordance with the law of 
mass action. 

The rate of fibrinolysis of recalcified plasma clots could not be related to the 
total proteolytic activity available in the plasma, nor to the inhibitory activity 
of fresh plasma or serum against plasma proteolytic enzyme. 

During the incubation of a recalcified plasma clot at 37°C., the inhibitory 
activity of its serum against plasma proteolytic enzyme decreased until a 
minimal stationary level was reached. The clot lysis time could be correlated 
directly with the time which elapsed until this minimal level was reached. 

It is a pleasure to acknowledge the advice and encouragement of Dr. George S. Mirick. 
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Earlier studies from this laboratory (1, 2) and by Morgan (3) have indepen- 
dently established that administration of homologous or heterologous brain 
tissue in an emulsion with paraffin oil, aquaphor, and killed tubercle bacilli 
as adjuvants (4) would induce an acute disseminated encephalomyelitis in 
rhesus monkeys more rapidly than had previously been accomplished without 
adjuvants (5, 6) and these findings have been confirmed by Ferraro and 
Cazzullo (7). Freund, Stem, and Pisani (8) and Morrison (9) have produced a 
similar disease in guinea pigs and in rabbits, but the pathological changes in 
these species were much less striking, notably with respect to the degree of 
demyehnation. In the studies with rabbits (9, 10), however, there were some- 
times animals which showed disease symptoms, but failed to show any patho- 
logical changes at necropsy, and conversely there were animals which re- 
mained completely free of symptoms but in which pathological changes were 
found; moreover in both guinea pigs (8) and rabbits (9) the total incidence of 
the disease was lower than in monkeys. Since in the monkey, there was almost 
always complete agreement between the symptoms and the pathological find- 
ings, except in those few animals in which the symptoms could be demonstrated 
by necropsy to have an entirely unrelated cause, or in an occasional animal 
which showed very few pathological changes without symptoms having been 
noted, it was decided to continue the study of the etiology of this disease in the' 
monkey. 

The work has been based on the hypothesis that the disease is the result of 
an immunological response to the injected brain tissue and that the lesions re- 
sult from the interaction between the brain tissue of the host and antibrain anti- 
body formed to the injected material (1-3) or, alternately, that the injections 
induced sensitization of the tuberculin type (8), which would be associated with 
cellular rather than with humoral antibodies. The present report summarizes 
data obtained on the distribution of the inciting antigen in the brains of various 
animal species, on the appearance of this antigen in the cerebrum and spinal 
cord of rabbits of varying ages after birth in relation to the degree of myelina- 

* These studies were supported by grants from the National Multiple Sclerosis Sodctv and 
the William J. Mathcson Commission. 
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lion, and on the stability of the antigen in brain tissue. Data arc also given 
concerning attempts to produce the disease by passive transfer with the serum 
as well as with cell exudates and suspensions of spleen and lymph nodes of 
monkeys with disseminated encephalomyelitis, and with the scrum of rabbits 
immunized with emulsions of brain tissue with adjuvants. The mechanism of 
the role of tubercle bacilli in the induction of the disease in monkeys is also con- 
sidered. 


EXPERIMENTAL 

Emulsions were prepared as described in (1) and were standardized on the basis of wet 
weight as follows: 7 gm, of brain or spinal cord was homogenized in a Waring blcndor in 10 
ml. saline containing 1 per cent phenol, 10 ml. .of molten aquaplior, and 20 ml. of paraffin oil 
containing 25 mg. of licat-killcd tubercle bacilli (strain II37RV). The final emulsion was 
heated at 60°C. for 45 minutes (1). Each milliliter of emulsion contained 175 mg. of original 
tissue. When larger amounts of tissue were used, the volumes of all constituents were in- 
creased proportionately. In experiments involving extraction with alcohol or acetone, a 
given weight of tissue was extracted, the extract evaporated to dryness at room temperature 
and the residue dried and emulsions of each prepared based on the original weight of tissue 
extracted. 

Injection oj Animals . — Each monkey received an initial course of three 1 ml. intramuscular 
injections. Injections were spaced a week apart. The animals were then observed daily for 
6 weeks to 2 months. Monkeys which had shown no symptoms were given a second course of 
three 1 ml. injections and observed for an additional 3 months after which all animals were 
sacrificed. Monkeys which showed symptoms were observed until it appeared unlikely that 
they would survive another day. They were then sacrificed by exsanguination and a com- 
plete necropsy performed (1, 2), including gross and microscopic examination. Animals 
listed in the table as positive showed symptoms as well as lesions typical of acute disseminated 
encephalomyelitis at necropsy. Animals listed as negative showed neither symptoms nor 
pathological findings of disseminated encephalomyelitis. In a few instances symptoms, usu- 
ally generalized weakness, were recognized by necropsy to be the result of unrelated disease. 

RESULTS 

The capacity of various materials, when incorporated in emulsions with 
aquaphor, paraffin oil, and killed tubercle bacilli, to induce acute disseminated 
encephalomyelitis in rhesus monkeys is shown in Table I. Although chicken, 
monkey, and human brain were effective in inducing this disease, frog and fish 
brain gave negative results. With both human and monkey brain emulsions, 
negative results were obtained if the tubercle bacilli were omitted. Negative 
results were also obtained in groups of monkeys in which human or monkey 
brain emulsions containing aquaphor and paraffin oil but lacking tubercle bacilli 
were injected into one side of a group of animals and an emulsion of aquaphor, 
paraffin oil, and tubercle bacilli but containing no brajn tissue was injected into 
the opposite side. 

Data on the stability of the antigen in brain tissue are also included in Table 
I. It may be seen that the capacity of brain tissue to induce the lesions was not 
significantly affected by exposure to ultrasonic vibration at 600 kc. for two 10 



TABLE I 

Potency of Various Emulsions with Adjuvants in Producing Acute Disseminated Encephalo- 
myelitis in Rhesus Monkeys ' 


Material injected’ 

No. of 
monkeys 
used 

First coarse 
No. o£ 
maulers 
positive 

Second course 
No. of 
additional 
monkeys 
positive 

No. of monkej-s 
positive 

No. of monkeys 
used 

Chicken brain 

3 

2 


2/3 

Frog brain 

4 

0 

0 

0/4 

Fish (carp) brain 

3 

0 

0i 

0/3 

Human brain 

5 

2 

2 

4/a 

Human brain (without tubercle ba- 





dlli) 

3 

0 

0 

0/3 

Human brain, paraffin oil, aquaphor, 





without tubercle bacilli in right side; 





paraffin oil, tubercle badlli, aqua- 





phor in left side 

4 

0 

o§ 

0/4 

Human brain (ultrasonically treatedjl) . 

3 

2* * * § 

1 

3/3 

Human brain (alcoholic extract) 

3 

0 

0 

0/3 

Human brain (residue from alcoholic 

i 

i 

. 


extraction) 

3 

0 

0 

0/3 

Monkey brain 

5 1 

4 

o ! 

4/5 

Monkey brain (without tubercle ba- 





cilli) 

3 

0 

0 

0/3 

Monkey brain, paraffin oil, aquaphor, 





without tubercle badlli in right side; 





paraffin oil, tuberde bacilli, and 





aquaphor in left side 

4 

0 

0 

0/4 

Monkey brain (autolyzed**) 

3 

1 

0 

1/3 


3 

2 

0 

2/3 

Monkey brain formalinized 

4 

4 


4/4 

Monkey brain (acetone extract) 

3 

1 ff 

0 

0/3 

Monkey brain, (residue from acetont 





extract) 

3 

1 

ill !! 

1/3 

Monkey brain (alcohol extract) 

3 

mm 

0 

0/3 

Monkey brain (residue from alcoholii 

: 




extract) 

3 

1 

o 

0/3 

Monkey peripheral nerve§§ 

7 

■ 

0 

0/7 


* All emulsions were from adult animals and were made up with aquaphor, paraffin oil, 

and tubercle badlli except where otherwise noted. 

% Animals received only two injections in second course. 

§ Three animals did not receive a second course. 

i| Saline suspension of brain exposed to ultrasonic vibration at 600 ic. for two 10 minute 
intervals. 

^ One of these animals died, was accidentally disposed of without being necropsied. The 
animal showed ataxia, ptosis of both eyelids, rotation of head and weakness of right hind leg, 
and was considered positive. 

*’ The brain was homogenized in saline without phenol, 1 ml. of toluene was added, and 
the material allowed to stand at room temperature for 22 days, before adding adjuvants. 

++ Brain homogenate in saline heated in boiling water bath for 1 hour. 

§! One animal died before second course was begun, one animal received only one injec- 
tion of second course, and three animals received only two injections of second course. 

II II Tb’ 5 enimal showed very few lesionsat necropsy and no symptoms were observed. 
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minute intervals, by heating in saline suspension in a boiling water bath for 1 
hour, or by fixation in 10 per cent formalin as employed for routine pathological 
study. After extraction of brain tissue with alcohol or with acetone neither the 
extract nor the extracted residues showed any capacity to induce encephalo- 
myelitis except for very mild lesions without symptoms discovered on histo- 
pathological examination in one animal injected with the acetone residue. 
One of three animals injected with an emulsion of autolyzed monkey brain 
developed encephalomyelitis; data are not yet sufficient to establish whether 
autolysis resulted in any loss of potency. In confirmation of the findings of 

TABLE II 


Development in Rabbit Brain and Spinal Cord of Antigen Inducing Acute Disseminated Enceph- 
alomyelitis 


Material injected 

No. of 
monkey* 

used 

First course 
No. of 
monkeys 
positive 

Second courie 
No. of 
additional 
monkeys 
positive 

No. of monkeys 
positive 

No. of monkeys 
used 

Cerebrum from 3 mos. old rabbit. . . . 

6 

2 

1 

3/6 

it ii 2 <* 

II II 

! 

3 

1 

4/7 

tt u i u 

(1 it 

6 

6 

0 

6/6 

“ “ 12 day 

it it 

7 

1 

1 

2/7 

(1 II £ U 

(1 II 

7 

0 

0 

0/7 

« « 3 a 

II II 

7 

0 

0 

0/7 - 

tt it J II 

II II 

3 

0 

0 

0/3 

Spinal cord from 12 day rabbit 

4 

3 

0 

3/4 

If II K Q <1 

II 

4 

3 

0 

3/4 

II ll <1 J (t 

II 

4 

0 

3 

3/4 


All materials incorporated into emulsions with adjuvants. 


Morgan (3), negative results were obtained by inoculation of emulsions of 
monkey peripheral nerve. 

Since it previously had been demonstrated (1) that tire antigen was absent 
from fetal rabbit brain, its appearance during early life was investigated. The 
results of injection of emulsions with adjuvants of the cerebrums and spinal 
cords of groups of rabbits of varying ages are shown in Table II. It is evident 
that the substance inducing encephalomyelitis did not appear in the rabbit 
cerebrum until the animals were 12 days of age whereas it was present in the 
spinal cord of 3 day old rabbits. 

Table III summarizes attempts to induce acute disseminated encephalo- 
myelitis passively with the scrum of monkeys suffering from the disease and 
with the serum of rabbits immunized with emulsions of brain tissue with ad- 
juvants following the same schedule used to induce the disease in monkeys. 
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Completely negative results were obtained even in three monkeys which had 
received intravenous injections of 200 ml. of serum from seven to ten monkeys 
with encephalomyelitis, in two animals after giving 21 ml. of monkey serum 

TABLE m 


Attempts to Produce Acute Disseminated Encephalomyelitis by Passive Transfer with Serum 


Material usecL 

Monkey 

No. 

No. of 
injec- 
tions 

No. of 
serum 
donors 

Total 
i volume 
in- 
jected 

Time 
be- 
tween 
1st and 
last 
injec- 
ions 

■ 

; 

Day of 
death 

• 

: 

Symptoms and pathological 
findings 





tr.l. 

days , 




Injections intravenously 


Serum from mou- 

2-3 

8 

3 

40 

54 

86(S*) 

Negative 

keys with acute 

2-4 

7 

3 

35 

47 

82 (S) 

U 

disseminated 

3-6 

5 

3 

25 

25 

128(S) 

ft 

encephalomye- 

3-7 

5 

3 

25 

25 

128(S) 

(C 

litis 

1-67 

11 

9 

200 

14 

94(S) 

Cl 


1-76 

1° 



12 

94(S) 

u 


1-19 

1 11 

7 


20 

39 

It 


Injections intracistemally 



9-1 

9-2 

a 

4 

2 

21 

21 

130 

1 30 

140 

211(S) 

Negative 

(( 



Injections intravenously 

- 

Serunj. - from rab- 

8-6 

13 

10 

68 

55 

57 

Negative 

bits immunized 

8-7 

13 

4 

68 

55 

58 

Neurological symptoms 

with monkey 







shown at autopsy to 

brain tissue 







be of serum sickness 

containing ad- 







type 

juvantsf 

1-08 

30 

15 

147 

58 

151(S) 

Negative 


1-09 

32 

13 

160 

62 

96 

It 


1-68 

20 

10 


43 

94(S) 

U 


* Sacrificed. 

t Rabbits received schedules of injections similar to those used to induce encephalomyelitis 
in monkeys, and were bled 10 days and 1 month after each course. 


intracistemally, and in five monkeys given 68 to 200 ml. of serum from rabbits 
immunized with emulsions of brain tissue. 

Data on unsuccessful attempts to effect passive transfer of acute disseminated 
encephalomyelitis by the technic of cellular transfer which has been shown by 
Chase (11) to be effective in passive transfer of the tuberculin type of reaction 
are presented in Table IV. Peritoneal exudates produced as described by 
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Chase by intrapcritoncal injection of 40 ml. of paraffin oil into monkeys suffer- 
ing from encephalomyelitis and suspensions in Tyrodc's solution containing 
monkey serum of spleen and lymphoid tissue obtained under aseptic pre- 
cautions were employed. Negative results were obtained in all instances even 

TABLE IV 


Attempts to Produce Acute Disseminated Encephalomyelitis by Passive Transfer of Celts from 
Abdominal Exudates and from Splenic and Lymphoid Tissue 


1 

No. of 
recipient ! 

Source of cell suspension 

No. of 
injections 

Days 

between 

1st 

and last 
injec- 
tion 

No. of 
donor 
mon* 
keys 

Total 
volume 
of celt 
suspen* 
sion 

injected 

Day of 
death 

Symptoms 
and pathological 
findings 



mm 



rtf. 



1-39 

Abdominal exudate 



2 

60 

153(S) 

KBB 



1 



59 



1-40 

Abdominal exudate, 

PPM 

147 

4 

218 


Negative for 


spleen and Iympli 


34 


182 


cnccphalo- 


node 






myelitis 

1-44 

Abdominal exudate, 

3 ip 

17 

2 

21 

127(S) 

it M 


spleen and lymph' 
node 

3 im 

17 

| 

21 



1-45 

Abdominal exudate, 

17 ip 

139 

4 

16S 

222(S) 

tt tt 


spleen and lymph 
node 

14 im 

i 

26 

, 


! 131 



1-74 

Spleen and lymph 

! 7 *P 

69 

m 

101 

!22(S) 

It tt 


node 

| 


m 




1-75 

Spleen and lymph 

1 

! 7 ^ 

69 

il 

101 

122(S) 

it tt 


node 



■ 




2-23 

Abdominal exudate, 

2 ip 

4 

m 

17 

17(S) 

It tt 


spleen and lymph 
node 



■ 





* ip = intrapcritoncal, im = intramuscular, 
t Not autopsied. 


in two recipient monkeys each of which had received one-half of the spleen and 
lymph node suspensions of seven donor monkeys with encephalomyelitis. 

The inoculation sites of all animals which received injections of brain emul- 
sions with and without tubercle bacilli were sectioned and examined micro- 
scopically. Wien killed tubercle bacilli were omitted, the reaction at the 
inoculation site in striated muscle and subcutaneous tissue was quite mild 













E. A. RABAT, A. -WOLF, AND A. E. BEZER 


423 


(Fig. 1 a). Narrow trabeculae of connective tissue about small lacunae con- 
taining amorphous material marked the area in which absorption of the brain 
emulsion occurred and this corresponded to fine fibrous veining in pale, poorly 
outlined areas of muscle in the gross specimen which were frequently quite 
inconspicuous. The connective tissue trabeculae contained small clusters of 
lymphocytes. This was in sharp contrast to the conspicuous lesions produced 
by the injection of an. emulsion containing both brain and adjuvant materials 
(Fig. 1 b ) which resulted in striking local lesions in the muscle and subcutaneous 
tissue. Masses of meaty, compact greyish white or white firm tissue containing 
varying sized pockets of yellowish or cream colored exudate were seen. Histo- 
logically these proved to be masses of epithelioid cells, usually poor in giant cells 
although occasionally containing moderate numbers of them. Spaces of 
various size in the granulation tissue contained amorphous material and poly- 
morphonuclear leucocytes tended to cluster near these. Lymphocytes were 
usually abundant, both diffusely spread and in clusters. As these lesions grew 
older fibrosis occurred and plasma cells appeared while polymorphonuclear 
leucocytes diminished and disappeared. The adjuvant material without the 
brain tissue produced a lesion much like the complete mixture (Fig. 1 c). 

DISCUSSION 

The results obtained provide some additional information on the nature of 
the substance in brain tissue which, when injected with adjuvants, induces the 
appearance of acute disseminated encephalomyelitis in the monkey. The 
antigen is apparently organ-specific since brain from a species even as remote 
in zoological relationship as the chicken will induce the disease; however, 
brains from more distantly related animals like the frog and fish give negative 
results. The antigen is fairly stable since it withstood fixation in formalin, 
heating in a boiling water bath, and treatment with ultrasound. It is, however, 
destroyed by alcohol extraction, both the extract and the residue being inactive. 
An acetone extract was completely inactive and the residue showed slight resid- 
ual activity. The finding in Table II that the antigen is present in the spinal 
cord of 3 day old rabbits, but does not appear in the cerebrum of rabbits until 
the 12th day of life indicates a dose parallelism with the laying down of myelin 
which proceeds in the same sequence and suggests that myelin may be the 
antigen involved. This is of interest in relation to the findings of Schwentker 
and Rivers (10) that the organ-specific antigen in autolyzed brain as measured 
by complement fixation paralleled its myelin content. A final decision as to 
die nature of the antigen, however, must await its isolation from brain tissue 
m purified form and a study of its chemical and physical properties. In con- 
firmation of the report by Morgan (3), monkey peripheral nerve emulsions were 
found not to induce the disease. 

The unsuccessful attempts to effect passive transfer of the acute disseminated 
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encephalomyelitis either with serum or with cell exudates from affected monkeys 
or with the serum of rabbits injected with brain emulsions with adjuvants 
leave a serious gap in the chain of evidence supporting the hypothesis (1) that 
an antibody to the injected brain tissue reacts with the nervous system of the 
animal to produce the disease, since no positive evidence for such an antibody 
has yet been obtained. As previously noted (1) this does not necessarily con- 
tradict or weaken this hypothesis since the hypothetical antibody would be 
continuously removed from the circulation by the tissues of the central nervous 
system of the donor monkey and the amount present even in the 200 ml. of 
serum injected passively might be inadequate to produce the disease. Kolb 
and Bolton (12) were unable to produce lesions in the central nervous system 
of rats with rabbit antisera to rat and cat brain and Hurst (13) refers to the 
negative results of Hurst and Atkinson on injection of pigs with antiserum to 
pig brain produced in sheep and rabbits. 

The experimental findings in Table I and the histological studies of the inocu- 
lation sites provide some indication of the mechanism of action of the tubercle 
bacilli and of the induction of the disease. As seen in Table I not only are the 
tubercle bacilli necessary for the development of acute disseminated encephalo- 
myelitis with the injection schedule employed, but, indeed, they must be present 
at the site at which the brain emulsion is injected, since injection of emulsions 
of brain without tubercle bacilli into one side and of* tubercle bacilli without 
brain into the other side yielded negative results. Histologically, the sites 
containing tubercle bacilli showed much more pronounced local reactions with 
large masses of epithelioid cells which were absent in sites without tubercle 
bacilli. Were the enhancing effect merely a systemic response to the injection 
of tubercle bacilli, positive results should have been obtained when emulsions 
with tubercle bacilli but without brain and of brain without tubercle bacilli 
were injected at different sites. - It is very tempting to infer that the function of 
the tubercle bacilli in producing encephalomyelitis more rapidly than can be 
accomplished otherwise is to bring these epithelioid cells in close proximity to 
the antigen and that the formation of antibody to the brain antigen takes place 
locally at the inoculation site (for evidence on the local formation of antibodies 
compare references 14 and 15). 


SUMMARY 

The factor in brain tissue, which induces acute disseminated encephalo- 
myelitis, when injected into rhesus monkeys as an emulsion with adjuvants, 
has been found in human, monkey, rabbit, and chicken brain but is absent from 
frog and fish brain. It is unaffected by fixation of the brain in formah'n, by 
boiling, and by treatment with ultrasound. It is present in the spinal cord of 
3 day old rabbits but does not appear in the rabbit cerebrum until about the 
12th day of life; in this respect it parallels the laying down of myelin. Attempts 
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to produce the encephalomyelitis passively with large quantities of serum or of 
cell exudates, and suspensions of cells from spleen and lymph node from mon- 
keys with encephalomyelitis, were unsuccessful. 
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EXPLANATION OF PLATE 22 

Fig. 1 a. Monkey 9-7. Inoculation site in right thigh. Mild infiltration by 
lymphocytes and occasional epithelioid cells about spaces in which inoculum lay. 
Inoculum composed of monkey brain, aquaphor, and paraffin oil without killed tubercle 
bacilli. Hcmatoxylin-cosin stain. X 75. 

Fig. 1 b. Monkey 9-9. Inoculation site in right thigh. Abundant granulation 
tissue containing a great many epithelioid cells, numerous lymphocytes, and occasional 
multinuclcated giant cells. Inoculum composed of monkey brain, aquaphor, paraffin 
oil, and killed tubercle bacilli. Hcmatoxylin-cosin stain. X 75. 

Fig. 1 c. Monkey 1-54. Inoculation site in left thigh. Granulation tissue like 
that in Fig. 1 b. Inoculum composed of aquaphor, paraffin oil, and killed tubercle 
bacilli but lacking monkey brain. Hematoxylin-cosin stain. X 75. 
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One approach toward a better understanding of the mechanism of immune 
hemolysis is the study of its kinetics. While a number of investigations along 
these lines have been undertaken (1-11), most of the data lack the precision and 
scope required for quantitative kinetic analysis. Only a few studies have in- 
cluded measurements of the rate of the reaction over its entire course, and most 
of these have dealt solely with the effect of varying the concentration of com- 
plement (CO- Other factors, such as the concentration of antibody or of red 
cells, and the effect of pH, temperature, and salt concentration, etc., have been 
evaluated only by end point measurements, such as the usual dilution titers, or 
the determination of the time required for complete lysis, as, for example, in 
references 9 and 10. Furthermore, in many of the early experiments (1-4) 
no clear distinction was made between the effect of hemolytic antibody and of 
C', since these agents were not introduced as separate entities. 

The need for a better understanding of the kinetics of immune hemolysis 
became acutely apparent to us as a result of unsuccessful attempts to develop 
a quantitative method for the titration of hemolytic antibody, analogous to that 
employed in the estimation of C' (12). Measurements of reaction rates showed 
the difficulties to be due to the fact that the kinetics of hemolysis in systems 
containing an excess of C' and limited amounts of antibody are strikingly differ- 
ent from those of systems in which antibody is present in excess and C' is 
limited in quantity. 

The present technique of measuring the rate of hemolysis by antibody' and 
C' is based on the spectrophotometric method of C' titration (12), as well as 
on the elucidation of the role of Mg** and Ca** in immune hemolysis (13). 
The capacity' of citrate ion to inhibit hemolysis by binding Mg** and Ca** has 
been utilized as a means of stopping the hemolytic process at any desired time, 
eliminating the need for immediate and rapid centrifugation of samples with- 

* Preliminary reports of this work have been presented to the Maryland Section of the 
Society of American Bacteriologists on December 9, 1947, and to the American Association of 
Immunologists on March 17, 194S, {Fed. Prcc., 194S, 7, 30S). 

tThc work reported in this communication was supported by a grant from the Finney- 
Howell Research Foundation, Baltimore, Maryland. 

! Research Fellow ol the National Institute of Health, United States Public Health Service- 
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drawn for analj'sis as in reference 9. In this manner considerable improvement 
in die timing of analyses as well as in case and convenience of experimentation 
has been achieved. 

The experiments described and discussed below have been assembled to 
illustrate the details of procedure as well as to oudinc some of die initial results 
of lcinedc analj'sis. Further invesdgations arc in progress and will be dealt 
with in subsequent communications. 

EXPERIMENTAL 

Materials and Methods . — Sheep blood was preserved ascptically in modified Alsevcr’s 
solution (14), and standardized suspensions of washed sheep erythrocytes were prepared as in 
reference 12 except that the concentration of erythrocytes was adjusted so that a 1.0 ml. 
portion of cell suspension mixed with 14.0 ml. of a 0.1 per cent solution of anhydrous 
sodium carbonate 1 * 3 4 * 6 yielded a lysate of optical density 0.34 read in the Heckman quartz spec- 
trophotometer at a wave length of 541 mg' in a cuvette of 10 mm. light path and with distilled 
water as reference standard. Cell suspensions so prepared from the blood of healthy, adult 
sheep’ contained 5 X 10* erythrocytes per ml. 

Since Ca 4+ and Mg 4- * arc essential constituents of the hemolytic system (13) these ions 
were supplied in optimal concentrations by means of a veronal-bicarbonate buffer 1 containing 
0.00015 it CaCl; and 0.0005 it MgCI*. During the early stages of the work this served as 
wash fluid as well as diluent for the erythrocytes and the guinea pig C'. Later, the red cells 
were washed with and suspended in buffer containing 0.1 per cent crystalline bonne scrum 
albumin (SA)‘ in addition to the other components, since less spontaneous lysis occurred under 
these conditions. 

Hemolytic antisera were prepared in rabbits by intravenous injection of 11 ml. of a 10 
per cent suspension of washed sheep erythrocytes administered in 6 doses over a period of 2 
weeks. After 10 days’ rest the animals were bled 40 ml. by cardiac puncture. A second 
course of 6 injections was then given during the following 2 weeks with a total of 15 ml. of 10 


1 Sodium carbonate solution, unlike distilled water, yields optically clear lysates. 

! The red color of the lysate, due to oxyhemoglobin, is characterized by light adsorption 
maxima at wave lengths of 5-11 and 576 rag, respectively, and an absorption minimum at 559 
mp. During the prolonged periods of incubation used in the present experiments a small part 
of the oxyhemoglobin is converted to raethemoglobin. At 576 mp the optical density of mctlie- 
moglobin at pH 7.4 equals 28 per cent of that of oxyhemoglobin, while at 541 rop it is 43 per 
cent. Therefore the analytical error due to conversion of oxy- into mcthcmoglobin is smaller 
if optical densities arc determined at 541 mp. In some of the later experiments the extent of 
mcthcmoglobin formation was estimated spcctrophotometrically (15) and the resulting error 
in the measurement of hemolysis was found to be 1 per cent after 1$ hours, and about 4 per 
cent after 8 hours of incubation at 37°C. 

3 The blood was obtained from a colony of 4 sheep, and each animal supplied 400 ml. of 
blood approximately every 8 to 12 weeks. Bloods were not pooled. 

4 83.8 gm. NaCl, 2.52 gm. NaHCOj, 3.00 gm. sodium 5,5-diethyl barbiturate, 4.60 gm., 
5,5-diethyl barbituric acid, 1.0 gm. MgCli-OH-O, 0.2 gm. CaClj - 2H:0. Dissolve the acid 
in 500 ml. hot water, add to the solution of the other components, cool, and make up to 2000 
ml. with water. Each day dilute accurately 1 part up to 5 with water. The pH of the diluted 

buffer should be 7.3 to 7.4. 

6 Armour and Company, Chicago, Illinois. 
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per cent erythrocyte suspension per animal. Thirteen days after the last injection a second 
bleeding was taken. Antiserum pool A contained the second bleedings from rabbits 29, 30, 
31, and 32. Antiserum B was pooled from the first bleedings of rabbits 29, 30, and 32. The 
bulk of each pool was stored at — 20°C. and a small portion, accurately diluted 1/10 or 1/20 
with saline, was kept in the refrigerator. From this stock, further dilutions were made each 
day with veronal-bicarbonate buffer 4 containing 0.008 per cent SA (subsequently referred to 
as SA-buffer). In later experiments the concentration of albumin in the diluent was raised 
to 0.1 per cent. In agreement with similar observations in reference 16, preliminary experi- 
ments indicated loss of antibody activity due to adsorption on glass when plain buffer was used 
as diluent, but not when SA-buffer was used. 

For C', pools of 30 to 60 ml. of serum from 10 to 20 guinea pigs were absorbed 4 to 6 times 
for i hour in the cold with washed, packed sheep erythrocytes (1 ml. per 30 ml. serum) to 
remove natural hemolytic antibody. After absorption the serum pool was distributed in 2 
or 3 ml. portions in clean Pyrex glass ampoules which were promptly sealed and frozen in solid 
COj. Shortly before use in an experiment an ampoule was opened and the contents diluted 
accurately with ice cold veronal-bicarbonate buffer. 

Experimental Procedure. — Initially, attempts were made to use Ponder’s method (10) of 
observing the rate of hemolysis directly in a photometer. The reaction mixture was placed 
in a photometric cuvette held at constant temperature by means of a water jacket through 
which distilled water kept at 37°C. was circulated. The red cells were maintained in uniform 
suspension by continuous stirring, and the lytic process was followed by measuring the light 
scattered at a 90° angle. It proved difficult, however, to secure precise, reproducible measure- 
ments with this arrangement because the photometric readings varied with the speed of motion 
of the red cells, due to the fact that the intensity of light scattering depends on the spatial 
orientation of the erythrocytes in respect to the light beam. As a remedy, stirring was dis- 
continued and the cells allowed to come to rest before each reading, but in experiments requir- 
ing frequent readings this left too little time for the necessary stirring. Furthermore, the 
method of running the lysis inside a spectrophotometer is limited to one experiment at a time. 
As a result of these difficulties, the alternative procedure, described below, was adopted. 

Ten ml. erythrocyte suspension, standardized spectrophotometrically to contain 5 X 10 5 
cells per ml., and 10.0 ml. of diluted C' are mixed in a thoroughly cleaned 6 125 ml. Erlenmeyer 
flask suspended from a mechanical rocker in a water bath at 37°C. ± 0.05°. After about 
8 to 10 minutes’ shaking to attain temperature equilibrium, 5.0 ml. of antibody dilution, also 
prewarmed to 37°C., is added, and timing of the lytic reaction is begun. The mixture is 
shaken continuously during the entire experiment, except for interuptions of about 10 seconds 
during sampling. At stated time intervals, samples of 1.5 ml. are withdrawn by means of an 
accurately calibrated pipette and immediately delivered into and mixed with 3.0 ml. of an ice 
cold solution containing 0.12 si NaCl and 0.015 n sodium citrate, the latter salt serving to 
arrest lvsis by binding 6 of Mg 4 ' 4 ' and CcT* (13). The 1.5 ml. pipettes used for sampling have 
delivery periods of about 10 seconds from mark to tip, and the time recorded for each sample 
is taken at the moment when one-half of the contents of the pipette has run out. The pipette 
is allowed to drain for a few seconds after the fluid has reached the tip, and is then blown out, 
in accordance with the procedure used for calibration. Efforts have been made to adhere to a 


Pipettes, flasks, and test tubes were cleaned with dichromate-sulfuric add mixture. 

’ The Erlenmeyer flask is held in a short clamp attached to a horizontal rod which rotates 
back and forth through an angle of about 70 to 80 ° at a rate of 37 complete strokes per minute. 

After addition of the sample withdrawn from the reaction mixture to the ritrate solution, 
the concentrations of Mg 4 "", Ca“ .and dtratc areO.00017 a, 0.00005 st.and 0.01 w. respectively 
Tims citrate is present tn considerable excess. 
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uniform technique of sampling in order to Sleep the error of timing within ±0.1 minute. After 
each sample, the pipette is rinsed onto with 0.15 m NaCl solution, allowed to drain, and after 
blowing out tire last drop the tip is wiped with dry filter paper. 

The diluted samples arc kept in ice water until the operator has time to place them in the 
centrifuge. They are spun for 10 minutes in the cold, the supernatant fluids are poured off, 
and the hemoglobin content of each supematc is determined spcctrophotometrically at 541 
m ft. 

Calculations . — Since the standardized cell suspension contains 5 X 10' erythrocytes per ml. 
the total dose of 10.0 ml. equals 5 billion cells. Upon addition of C' and antiserum the cells 
arc diluted 2.5-fold. On admixture of citrate-saline with the samples withdrawn from the 
reaction mixture a further three-fold dilution occurs. Thus, the final dilution factor equals 
7.5, and on this basis a completely lysed sample corresponding to lysis of the 5 billion cells 
in the entire reaction mixture yields an optical density reading of 0.6S. Therefore, the number 
of cells decomposed in a partially lysed sample is calculated by multiplying the optical density 
5 X 10’ 

by the factor — — — - *= 7.3S X 10’. 

Appropriate blanks arc included in each cxi>erimcnt and data arc corrected accordingly. 
As shown in the protocol for Table I, in experiments with excess C' the essential blank contains 
cells and C', but no antibody. On the other band, experiments with excess antibody require 
a blank containing cells, antibody, and SA-buffer, or cells, antibody, and C' inactivated by 
heating at 56°C. for 50 minutes. Since it could be shown that C' heated under these conditions 
is entirely devoid of hemolytic activity, blanks containing cells, antibody, and SA-buffer arc 
satisfactory and have therefore been used throughout. 

It has been customary in studies on hemolysis to express results in terms of per cent lysis. 
This was not done in the present investigation because rather complex calculations would lie 
necessary to correct the percentage values for the progressively increasing degree of lysis ol>- 
served in the blank, and also because it seemed preferable to measure velocity of lysis m 
absolute terms. In expressing results in absolute numbers, ns in the present experiments, it 
must be borne in mind, however, that complete hemolysis corresponds to 5 billion cells less the 
number of cells lysed in the blank. Depending on the magnitude of the blank, this value 
varied between 4.6 and 4.9 billion cells. 

Protocols . — The complete record of a typical experiment is shown in Table I in order to 
furnish the details of measurement and calculation. As outlined in the following protocol the 
experiment consisted of three runs with antiserum pool 15 at dilutions of 1/20,000, 1/30,000, 
and 1/50,000,’ respectively, as well as three controls containing, respectively, cells alone, cells 
mixed with C', and cells mixed with antiserum diluted 1/20,000. 


Flask 

A 

n 

c 

D 

E 

Standardized cell sus- 
pension, ml 

10.0 

10.0 

10.0 

10.0 

10.0 

C', diluted 1/30, ml — 

0 

10.0 

0 

10.0 

10.0 

0.2 per cent SA-buffer, 
ml 

10.0 

* 

0 

10.0 

0 

0 


All flasks put simultaneously into water bath and prewarmed for 10 min. 

Then added antiserum dilution or 0.1 per cent SA-buffer and started timing. 

( continued on following fage) 

0 Throughout the paper these values represent the dilution of the 5.0 ml. portion of anti- 
serum added to 10.0 ml. of cells and 10.0 ml. of C'. The final dilution would therefore be 
times as high. 
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Flash 

A 

E 

C 

V 

E 

F 

0.1 per cent SA-bufier, 
m l 

5.0 

5.0 

0 

0 

0 

0 

Antiserum B, amount 

0 

0 

5.0 mL, 

5.0 ml.. 

5.0 ml.. 

5.0 mL, 




1/20,000 

1/50,000 

1/30,000 

1/20,000 

Time of addition of 0.1 
per cent SA-bufier or 
antiserum 

0 min. 

1.3 min. 

8.2 min. 

5.5 min. 

6.9 min. 

9.4 min. 


The red cells were suspended in veronal buffer 4 containing 0.1 per cent SA. Antiserum dihtj 
tions were also made in 0.1 per cent SA-bufier. C', lot 7, was diluted 1/30 in plain verona 
bufier. 4 Ten ml. o! cell suspension and 10-0 ml. of C' dilution were mixed in each Erlenmeyer 
fl ask , except flasks A and C which received 0.2 per cent SA-bufier in place of C'. The flasks 
were simultaneously placed in the water bath at 37.0’C. and rocked for 10 minutes to attain 
constant temperature. Five ml. of prewarmed antiserum dilution (or 0.1 per cent SA-bufier 
for flasks A and B) was then added to each flask in the order, A, B, D, E, C, and F, and the 
time of addition noted. The sequence of addition was chosen so as to add the lowest dilution 
of antiserum last in order to compensate for the shorter lag period in reaction mixtures contain- 
ing higher concentrations of antibody. Timing by means of a stop-watch was started upon 
addition of 0.1 per cent SA-bufier to flask A. The time readings for the final additions to the 
other flasks and for the withdrawal of samples were recorded as absolute time to be corrected 
to net time by subtraction of the absolute time at which the final addition to each flask was 
made (cf. bottom line in protocol). 

The initial reading for the cell blank in flask A gave an optical density of 0.011, correspond- 
ing to initial spontaneous lysis of 1.6 per cent of the cells. During the 434 minutes which 
this experiment ran, this value rose to 0.017, or 2.5 per cent lysis, a negligible increase. The 
“cell + antiserum” blank in flask C gave an initial reading of 0.018 (2.6 per cent) and reached 
0.023 (3.4 per cent) at the end of the run. While this mixture showed somewhat more initial 
lysis than the cell blank (A), the increase which occurred during the run was the same. The 
“cell 4- C'" blank in flask B gave an initial optical density reading of 0.023 and the difference 
between this value and the reading of 0.01 1 in flask A is accounted for by the color of the guinea 
pig serum used as C’. Reaction mixture B, however, showed a much larger increase during 
the run than either A or C. This is presumably due to traces of hemolytic antibody left in 
the C', even after repeated absorptions with packed sheep erythrocytes. Unabsorbed C' 
yields much higher blanks and is therefore unsuitable. 

The optical density %-alucs for flask B were plotted against the absolute time readings and a 
smooth curve was drawn through the points by inspection. For correction, the blank values 
at the appropriate times were read from the curve and subtracted from the optical density 
readings of the samples from flasks D, E, and F. These corrections were made on the basis of 
absolute, rather than r:rf time because the lytic action due to guinea pig serum alone starts as 
soon as the flasks are placed in the water bath and is therefore not affected by the staggered 
addition of the antiserum dilutions. The blanks represented by flasks A and C were not used 
m calculating the results, but were included solely for the purpose of checking the stability of 
the cells. The corrected optical density values were converted into the number of cells lysed 
by multiplying with the factor 7.35 X 10’, as explained above. 


Data from Table I are represented in Fig. 1 by curves 1, 2, and 3. Results 
of another experiment with antiserum B. diluted 1/15,000 and 1/10,000, are 
shown in curves 4 and 5. 

The experiment shown in Fig. 2 was designed to demonstrate the effective- 


TABLE I 

Velocity of Hemolysis with Excess C' and Limited Amounts of Antibody 
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ness of sodium citrate in arresting the hemolytic process. Duplicate deter- 
minations were set up 'with antiserum A at a dilution of 1/10, 000 9 and C 



Fig. 1. Course of hemolysis with constant excess of C' (1/30), and varying dilutions of 
antiserum pool B. 


Curve No 

1 

1 2 

3 J 

4 

1 5 

Antiserum dilution 

1/50,000 

j 1/30,000 

1/20,000 ! 

1/15,000 

| 1/10,000 




Fig. 2. Effectiveness of sodium citrate in stopping hemolysis. Arrow indicates time of 
addition of citrate-saline. 

diluted 1/30. A blank control containing cells and C' but no antibody was 
a&> run in duplicate. After withdrawal of 6 samples of 1.5 ml. from each of 
the flasks (:.e., 9.0 ml. total withdrawn) another 6.0 ml. was removed and dis- 
carded, in order to reduce the volume of each reaction mixture to 10.0 ml. 
Immediately afterwards 20.0 ml. portions of ice cold citrate-saline were added 
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to one of the determinations and one of the blanks, the mixtures were transferred 
from the 37° water bath to an ice water bath, and kept there with manual 
agitation ever)' few minutes. To the other determination and blank 20.0 ml. 
portions of citrate-saline prewarmed to 37°C. were added and the mixtures kept 
in the 37°C. water bath with continuous rocking. Sampling was then resumed 
and the portions removed were immediately centrifuged in the cold to separate 
the intact cells. 



Fic. 3. Effect of varying the intensity of agitation during hemolysis. C' present itt 
constant excess. Hemolytic antiserum (Lcdcrle commercial amboceptor) diluted 1/10,00 0 
(solid symbols), and 1 /15,000 (open symbols). Circles and squares represent rocking through 
arcs of 70° and 20°, respectively. 

The results indicate that addition of citrate-saline arrests hemolysis com- 
pletely, and that in conjunction with chilling its action is practically instan- 
taneous. 

It appeared advisable to determine whether the intensity of agitation affects 
the rate of hemolysis (Fig. 3). Duplicate runs were made with C', lot VI, 
diluted 1/30 (the. an excess) and a hemolytic antiserum from Lederle Labora- ’ 
tories, used in 2 dilutions, viz. 1/10,000 and 1/15,000. One set of determina- 
tions including the blank was shaken in the usual manner with an angular ex- 
cursion of 70°, 7 while the other set was shaken with an excursion of 20°. 

Since results were identical under both conditions the intensity of agitation 
does not represent a critical factor, provided, of course, that it is adequate to 
maintain the cells in uniform suspension. 

In another experiment the rate of shaking was increased to 46 strokes per 
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minute with an angular excursion of about 70 to 80°, but the velocity of hemoly- 
sis was not affected. - _ . 

The experiment presented in Fig. 4 was carried out with excess C (dilution 
1/30), and limi ted amounts of antiserum pool A, with dilutions ranging from 
1/2500 to 1/30,000. While of the same type as the experiment with antiserum 
pool B, shown in Fig. 1, the characteristic shapes of the velocity curves are 
dissimilar, indicating that different antisera such as pools A and B may exhibit 
diverse kinetic behavior. In some of the experiments incorporated in this 
series, C', lot V, was used, while others were performed with lot VI, but no sig- 



Fig. 4. Course of hemolysis with constant excess of C' and varying dilutions of antiserum 
pool A. 

Curve No I 1 I 2 I 3 I 4 I 5 I 6 j 7 

Dilution |l/30,00o|l/20,00ojl/14,000|l/10,000jl/700ojx/5000jl/2s00 


nificant difference was noted when these 2 lots of C' were compared at the same 
dilutions of antibody. 

While it has not yet been possible to subject the velocity curves in Figs. 1 
and 4 to mathematical analysis, a comparison of the curves obtained with 
different dilutions of antiserum A (Fig. 4) has been made on the basis of the 
maximal slopes. These were measured from the graph in the vicinity of the 
inflection point and plotted against the reciprocal of the antiserum dilution to 
yield the plot of velocity ts. relative concentration of antibody shown in Fig. 5. 
As may be seen the velocity is a linear function of concentration over most of 
the range except at very low concentrations of antibody. It is also evident 
that the speed of lysis could serve as a sensitive and precise measure of antibody' 
concentration. 

The experiment shown in Fig. 6 was carried out with an excess of antibody 






-Sampled until hemolysis ceased; then split each reaction mixture into 2 equal portions 


Volume of each of the portions, ml 

Undiluted C' added after split, ml 

1/200 dilution of antiserum added after split, ml. 
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experiments haza rdous. As far as observations go, it is therefore evident that 
hemolysis proceeds without stop even with minute amounts of antibody, pro- 
vided C' is present in excess. 

To confirm this finding, an experiment, shown in Fig. 9, was set up with 
relatively limited amounts of both antibody and C\ When hemolysis had 
stopped the contents of each flask were divided in half. One portion was mixed 
with additional antiserum while the other received additional C'. As a result, 
lysis was resumed upon addition of more C', but not upon supplying more anti- 
body. This indicates that lysis had stopped due to exhaustion of the available 
C'. 

Additional Experimental Data . — Antiserum pools A and B were analyzed for 
total antibody content by the procedure of Heidelberger and Treffers (17). 
Hemolytic antibody titers were calculated from the kinetic data in Figs. 1 and 
4, on the basis of an incubation period of 80 minutes. Agglutination titers were 
determined in the usual manner. The results of these measurements are given 

TABLE H 


Summary of Properties of Antiserum Pools A and B 



Total antibody 
nitrogen 

Hemolytic titer 

Agglutination titer 


| ns. 



Antiserum pool A 


5000 

1000 

Antiserum pool B 

I 

10,000 

400 


in Table H. On the basis of 0.20 mg. total antibody N per ml. in antiserum B, 
and a molecular weight of 900,000 for hemolytic antibody (18), it can be cal- 
culated from curve 1 in Fig. 1 that 84 billion molecules of antibody effected lysis 
of 1.75 billion cells in 440 minutes. This is equivalent to 48 molecules of anti- 
body per red cell, a value of the same magnitude as that calculated by 
Brunius (24) , but much lower than that of about 500 estimated by Heidelberger, 
Weil, and Treffers (19). 


RESULTS AND DISCUSSION' 

Measurements of the rate of hemolysis can be made with a precision of ±5 per 
cent, comparable to that attained in static analyses (12, 13), provided experi- 
mental conditions 3re adjusted so that the speed of lysis is within the range of 
about 10 to 500 million cells per minute. In experiments with an excess of C' 
the lower limit is imposed by the lytic speed of about 0.5 million cells per minute 
usually observed in the blank containing cells and a 1/30 dilution of C\ On 
the other hand, when only small amounts of C’ are used the blank is practically 
negligible, but in this case a lower limit for the accurate determination of the 
h tic rate is set by the early cessation of lysis upon exhaustion of the limi ted 
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amount of C'. The upper limit is due to the fact that samples cannot be taken 
more frequently than about once every minute, and that timing of the delivery 
of samples into the citrate-saline solution is subject to an uncertainty of about 
0.1 minute. Since earlier investigations, in which centrifugation served as a 
means of arresting hemolysis, suffered from a timing error of at least 1 or 2 
minutes, the use of citrate-saline constitutes a substantial improvement. 

It is evident from the duplicate experiments shown in Figs. 2 and 3 that a high 
degree of reproducibility can be achieved in experiments carried out with the 
same suspension of red cells. With different lots of red cells agreement is not 
always satisfactory due to variations in lytic susceptibility among cells from 
different sheep and of different age. If comparable results are desired in runs 
carried out at different times, it is therefore advisable to use erythrocytes de- 
rived from the same animal, and not differing too widely in respect to the period 
of storage in the Alsevcr solution. Studies on these sources of error are still 
in progress. 

In agreement with earlier investigations (10, 1 1) the present experiments show 
that plots of the degree of hemolysis against time yield more or less S-shaped 
curves, which vary in their characteristics depending on the respective con- 
centrations of the lytic agents. According to Ponder (10), the S-shaped nature 
of the velocity curves is assumed to be due to the heterogeneity of red cells in 
respect to their susceptibility to lysis (20). Thus, an S-shaped integral dis- 
tribution function would form the fundamental pattern of all the velocity 
curves, but modifications due to various kinetic factors involving the concentra- 
tions of erythrocytes, antibody, and C', as well as their respective speeds of 
interaction, are superimposed upon the basic pattern to yield the variety of 
curves shown in Figs. 1, 4, 6, and 7. While the mechanism of the hemolytic 
process is not as yet understood sufficiently well to permit formulation of a 
quantitative kinetic theory, a limited qualitative evaluation of the present 
findings can be attempted. 

The most striking result of the present study is the recognition that the ki- 
netics of hemolytic systems containing excess antibody and limited C' (Figs. 6 
and 7) differ profoundly from those of systems in which C' is present in excess 
and antibody is limited (Figs. 1 and 4). Thus, with C' as the limiting factor, 
the hemolytic reaction runs for a period of only about 40 to 80 minutes, and 
then stops completely. Since it has been shown that C is used up or destroyed 
during hemolysis (9), the lytic process presumably comes to a standstill when 
the available supply of C' has been exhausted. The number of cells lysed at 
the end point varies with the amount of C' according to a function such as the 
well known equation of von Krogh (21). 

On the other hand, when C' is present in excess and antibody is the limiting 
factor, as in Figs. 1 and 4, the velocity curves have a catalytic appearance, re- 
sembling those obtained in enzymic reactions. Thus, in experiments with anti- 
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serum B (Fig. 1), readings were taken for about 440 minutes and progressively 
increasing hemolysis was noted. Although the velocity became very low 
toward the end of that period, lysis did not cease completely. The decline m 
velocity was not due to lack of C since it could be shown that the system still 
contained excess C' at the end of the 440 minutes. With antiserum A (Fig. 4) 
the catalytic appearance of the curves is especially pronounced since velocities 
did not diminish appreciably until a substantial part of the red cell substrate 
had been destroyed. 

Since an end point is not reached, at least within practicable periods of 
observation, any relation between the number of cells lysed and the amount of 
antibody employed must involve time as a variable. Titrations of hemolytic 
antibody should therefore be based on determinations of the number of cells 
lysed in unit time; i.e., measurements of velocity. Thus, the problem of as- 
saying the activity of hemolytic antibody is essentially similar to that of deter- 
termining the activity of an enzyme. 

In view of the initial lag period exhibited by the hemolytic velocity curves, 
analysis for antibody, however, cannot be made in terms of initial reaction 
velocity, as in the determination of enzymes. Ideally', the kinetic velocity con- 
stant proper should be used as a measure of antibody activity', but, lacking a 
kinetic equation, this is not possible at present. Instead, the optimal velocity 
of each curve, i.e. the slope at the inflection point, can be employed as an em- 
pirical index of the activity of hemolytic antibody'. As shown in Fig. 5 the 
relation between maximal velocity' and antibody concentration is linear, except 
at very low concentrations of antibody'. A similar plot, relating velocity and 
concentration of C', is shown in Fig. 8. 

The experiments plotted in Figs. 1, 4, 6, and 7 represent extreme conditions 
in respect to excess of either C' or antibody. In view of the startling results, it 
seemed of interest to study the course of hemolysis in systems of an inter- 
mediate type; i.e., not containing an excess of either C' or antibody'. Such an 
experiment is shown in Fig. 9, and it can be seen that the reaction stopped at 
different levels of hemolysis depending on the amount of C' used. In order 
to ascertain why the tytic process had stopped, each reaction mixture was split 
in half upon cessation of lysis, and additional antibody was added to one portion, 
while the other received more C. The results show that increasing the supply 
of antibody had no effect, while lysis was promptly resumed when fresh C' 
was introduced, indicating that the cessation of lysis was due to exhaustion of 
C'. This is borne out especially well with curve 1, the experiment with C' 
diluted 1/400. In this run, the amount of C' added after cessation of lysis was 
chosen so as to raise the concentration of C to that initially present in the ex- 
periment represented by curve 2. As a result, tbe speed of reaction on resump- 
tion of lysis in Experiment 1 became about the same as that observed initially 
in Experiment 2. Since the same amount of antibody was used in all three 
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runs represented in Fig. 9, it can be concluded that the effective concentration 
of antibody was unaltered even after 4 hours of continuous action. 

It is therefore evident that hemolytic antibody, in sharp contrast to C', 
possesses the ability to act for long periods of time without suffering exhaustion. 
However, different antisera do not possess this capacity to the same degree. 
Thus, comparison of Figs. 1 and 4 shows that antiserum A is slower in getting 
lysis under way, but maintains a high rate of lytic activity longer than anti- 
serum B. As a result, a given dilution of antiserum B, such as, for example, 
curve 3 in Fig. 1, may initially produce more hemolysis than a comparable dilu- 
tion of antiserum A {c.g., curve 5 in Fig. 4), but after a while the action of B 
becomes slower than that of A, -the curves cross, and antiserum A appears to 
be more potent. Three other hemolytic antisera, which have been studied by 
the kinetic method, have shown similar variations, one being analogous in 
behavior to A, another resembling B, and the third displaying an intermediate 
type of kinetics. In addition to these differences, it has been found (cf. Table 
H) that while the absolute antibody contents of antisera A and B arc in fair 
agreement with their agglutination titers, they bear no relation to the hemolytic 
titers. In tire studies of Ilcidelberger and Treffers (17) discrepancies between 
hemolytic activity and antibody content were also noted, and it was pointed 
out that antisera to sheep erythrocytes contain a multiplicity of antibodies 
reactive with various antigenic constituents of the red cell. Perhaps only one, 
or a few of these antibodies possess hemolytic activity. Thus, the differences 
between antisera A and B shown in Table II might be due to a higher proportion 
of non-hemolytic antibody in antiserum A. On the other hand, the dissimilar 
kinetic behavior of antisera A and B cannot be explained on this basis. 

In order to interpret the catalytic character of tire velocity curves in Figs. 1 
and 4, as well as the differences between them, it is necessary to consider how 
antibody and C' function in the hemolytic process. According to the classical 
concepts, C' is assumed to be the lytic agent proper, while antibody merely 
serves to fix C' at its site of action; i.c., upon the surface of the red cell (9, 10). 
Since C' is consumed or destroyed during hemolysis, the catalytic character 
of the velocity curves in systems containing C' excess, indicates that pro- 
gressively increasing amounts of C' are fixed and utilized as lysis proceeds. 
This view derives support from recent quantitative studies on the fixation of 
C' (16), in which it was shown that uptake of C' by antigen and antibody at 
37°C. increases continually with time. Plots of the velocity of C' fixation in 
reference 16 closely resemble those for the hemolytic reaction in the presence of 
excess C'. On the other hand, the concept of continuous utilization of C' 
during hemolysis is in conflict with Ponder’s statement (10) that the fixation of 
C' by sensitized cells is completed within less than one-third of the latent period; 
i.e., the time elapsed prior to onset of hemolysis. 

If the continuous utilization of C' involves uptake of progressively increasing 
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amounts of C' substance by the sensitized erythrocytes, steric limitations 
should eventually terminate the hemolytic process, unless there exists a mech- 
anism for the release of expended C'. It is therefore pertinent to consider 
whether C' fixation is a reversible process. While there is no direct evidence, 
indirect support can be derived from the fact that the union between antigen 
and antibody has been shown to be reversible under appropriate conditions 
(22, 23). " Since fixation of C' results from the combination of antigen with 
antibody, dissociation of the immune complex should be accompanied by re- 
lease of C'. 

It therefore appears possible that a molecule of hemolytic antibody could 
combine with a red cell, perform its lytic function in cooperation with C', and 
eventually dissociate to become available for action at some other site of the 
same or of a different red cell. JThus, the molecules of antibody would go 
through a cycle enabling them to react over and over again, and produce pro- 
gressively increasing hemolysis, provided a sufficient supply of C' is available. 
Experiments on this hypothesis are in progress. 

It is interesting to speculate on the significance of the present findings in 
respect to the hypothesis that immune hemolysis is an enzymatic process. The 
recent demonstration that Mg* 4- is an essential cofactor in the hemolytic 
reaction (13) has lent new support to this concept since Mg** is also necessary 
to many enzyme systems. Such speculations have usually revolved about 
C' as the enzyme, but the present data show that in its kinetic behavior anti- 
body resembles an enzyme more closely than does C'. The exceedingly small 
number of antibody molecules required for the lysis of a single red cell (48 
molecules in the case of antiserum B acting for 440 minutes) would also support 
this view. Furthermore, just as enzyme and substrate unite as the result of 
specific structural affinity, antibody and red cells combine for the same reason. 
If this be true, the function of C / might be that of a cofactor, possibly an en- 
ergy donor, which would permit the hemolytic antibody to exercise enzyme- 
like activity. 


SUMMARY 

A quantitative method for the study of the kinetics of immun e hemolysis 
is described. 

In the presence of excess C' and limited amounts of antibody the kin etics of 
hemolysis resemble those of enzymatic processes. 

Assays of hemolytic antibody should therefore be based on velocity measure- 
ments rather than end point titrations. 
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The capacity of influenza virus to combine with and agglutinate red blood 
cells and thereafter to be eluted from them (1, 2) has stimulated numerous 
investigations. As a result of early work it was assumed that adsorption of 
the virus to RBC and subsequent dissociation of the complex were closely 
associated phenomena and it was suggested that the reactions could be con- 
sidered as analogous to those between an enzyme and its substrate (2) . Shortly 
after the discovery that influenza virus could cause hemagglutination it was 
found (2) that two diflerent virus strains, i.e. Lee and PR8, showed different 
rates of elution from RBC. Recently it was shown (3) that by heating the 
virus the elution phenomenon could be almost completely abolished without 
affecting the capacity of the agent to combine with RBC and cause hemag- 
glutination. Heat, however, inactivates the virus; the property of multipli- 
cation in susceptible hosts is lost and probably other properties also are altered. 
It was decided to investigate the elution of influenza virus from RBC more 
thoroughly and particularly to attempt to find means whereby the rate of 
elution of the virus could be altered without destroying the capacity of the 
agent to induce infection. 

The results obtained in the present study provide evidence that it is possible 
by means of certain physical or chemical agents, i.e. treatment with lanthanum 
acetate or ultraviolet irradiation, to produce a marked alteration in the elution 
rate of the Lee strain of influenza virus without causing demonstrable alter- 
ations in the other properties of the virus tested. It will be shown that strains 
modified by the procedures employed retained their altered state on serial 
passage in the chick embryo in the absence of the agent which originally effected 
the alteration. 


Materials and Methods 

1 trtiscs. The PR8 strain (4) of influenza A virus and the Lee strain (5) of influenza B 
\ irus were used in this study. Both strains had previously been passed many times in mice 
and in chick embryos. Between experiments allantoic fluids infected with either virus were 
stored frozen in scaled ampoules in a CO: storage cabinet at — 70'C. 
f Embryos .—' White Leghorn eggs were incubated at 39=C. for 9 to 12 days. Embryos 

o. the desired age were inoculated into the allantoic sac through a paraSn-sealed hole drilled 
in the shell. The inoculum consisted of 0.1 cc. of infected allantoic fluid diluted ICC 5 in sterile 
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broth unless otherwise staled. After inoculation chick embryos were incubated for 4S hours 
at 35°C. and candled daily. Embryos which died were discarded. Eggs containing living 
embryos then were held at 4°C. for approximately 2 hours and thereafter the allantoic fluid 
was harvested in the usual manner. Fuids which gave positive hemagglutination with 
chicken RBC were pooled and used as virus source material. Depending upon the experiment 
tlic pooled allantoic fluids were stored either at 4°C. or at — 70°C. 

Virus Titrations. — Hemagglutination titrations were done according to the technique 
described by Hirst (6). Serial twofold dilutions of allantoic fluid pools were prepared in saline 
buffered at pH 7.2. To 0.4 cc. of each dilution was added 0.4 cc. of a I per cent suspension of 
washed chicken RBC. The tubes were shaken and the degree of hemagglutination recorded 
after 1 hour at room temperature. The patterns of the sedimented erythrocytes were graded 
from 4+ to ± in the customary manner and the end point was taken as the highest dilution 
which gave a 2+ pattern. 

Virus infectivity titrations in chick embryos were done by the intra-allantoic technique (7) 
in 9 to 12 day embryos. Serial tenfold dilutions of allantoic fluid pools were prepared in 
sterile broth. A group of 4 embryos was inoculated with each dilution; each embryo received 
0.1 cc. Allantoic fluid was harvested from each embryo after 48 hours’ incubation at 35°C. 
and tested by the hemagglutination tcclinique. The end point was taken as the highest 
dilution which induced demonstrable infection in 2 or more embryos in a group. 

Virus infectivity titrations in mice were carried out by the intranasal technique. Serial 
tenfold dilutions in sterile broth were employed. A group of 6 Swiss mice was used for each 
dilution. The procedure was identical to that previously described (8) and the 50 per cent 
maximum score end point (M.S.50) was used. 

Immune Serum. — Rabbits were immunized by the intravenous injection of infected allan- 
toic fluid pools. A single injection of 10 cc. of undiluted fluid was given. Scrum was ob- 
tained 14 to 21 days later and was stored without preservative at 4°C. Immediately before 
use in hemagglutination-inhibition tests scrum was diluted 1 : 2 with saline and heated at 65 0 C. 
for 30 minutes. This procedure markedly reduces the so called non-specific inhibitory capacity 
of serum but docs not significantly diminish the antibody titer of immune scrum (9, 10). 

Identification of Virus Strains. — Serological identification of the virus strains studied was 
carried out by means of the hemagglutination-inhibition technique (6). Serial twofold dilu-. 
tions of infected allantoic fluid were prepared in saline. Each dilution was mixed with con- 
stant amount scrum which was diluted so as to contain a quantity of antibodies just capable of 
inhibiting hemagglutination by 256 units of virus. To each mixture was added an equal 
quantity of a 1 per cent suspension of chicken RBC. The end point was taken as the highest 
dilution of infected allantoic fluid which caused 2+ hemagglutination. As a routine in hemag- 
glutination-inhibition tests both anti-PR8 and anti-Lee immune as well as normal rabbit scrum 
were employed. 

Determination of Eluted Virus. — Inasmuch as the chief objective of this study was to in- 
vestigate possible alterations in the capacity of influenza virus to dissociate from RBC after 
combination with them, it was essential to devise a technique by means of which both the rate 
of elution of the virus and the quantity of virus eluted could be determined. The following 
technique was found to be suitable: The RBC in 5 cc. of a 1 per cent suspension were packed 
by a few minutes’ centrifugation at 4,000 r.p.h. The supernatc was poured off and discarded. 
To the packed cells 1 cc, of an infected allantoic fluid pool was added and the mixture was 
shaken vigorously. Small volumes were employed to facilitate very rapid sedimentation of 
the RBC. Only pools with hemagglutination titers of 1 : 1024 or more were used. The final 
concentration of erythrocytes in the mixture was 5 per cent. The mixture was held at room 
temperature for 10 minutes in order for virus-erythrocyte combination to occur. In every 
instance hemagglutination occurred almost immediately after the mixture was made and the 
agglutinated cells settled very vapidly. At the end of 10 minutes the mixture was reshaken 



S. E. BJORKMAN AND E. L. HORSEALL, JR. 


447 


and the ceils sedimented by centrifugation at 4,000 r.p.u. for approximately 1 minute. The 
supemate was poured o2 and its hemagglutination titer determined subsequently. Im- 
mediately 1 cc. of bufiered saline was added to the packed cells; this mixture was shaken vigor- 
ously and then held at room temperature. Identical cycles of centrifugation, removal of 
supemate, and resuspension of the sedimented cells in 1 cc. of fresh saline were carried out 
30, 60, 90, 120, and 180 minutes later. Each supemate was kept so that its hemagglutination 
titer could be determined. In certain experiments even shorter periods were employed in 
each successive elution step. 

This technique has made it possible to obtain fairly reproducible virus elution curves rela- 
tive to time and has facilitated the present study. It should be pointed out that the re- 
suspension of the agglutinated cells in fresh saline after each centrifugation makes it possible 
to determine the dissociation of relatively small quantities of virus during each time interval 
which is technically very difficult if the initial cell-virus mixture is retained and supemate 
aliquots are removed successively. It should be mentioned also that it is important to em- 
ploy a relatively large amount of virus so that allRBC “receptors" rapidly combine with the 
agent; i.e., are saturated. Otherwise, virus particles which dissociate from one RBC could 
promptly combine with another and only appear in the supemate subsequently thus leading 
to an inexact estimation of elution rate. It was found that under the conditions of these ex- 
periments allantoic fluid pools with hemagglutination titers of 1:1024 or more consistently 
saturated the quantity of cells employed as judged by the finding that demonstrable amounts of 
virus remained unadsorbed 10 minutes after the mixtures were prepared. 

Ultraviolet Irradiation . — In all experiments the same ultraviolet source and distance were 
used. The lamp, which was kindly provided by Dr. George I. Lavin, was a “cold arc” reso- 
nance mercury lamp which operated at 15,000 volts A.C. The emission spectrum showed one 
main line at 2537 A. Irradiation of infected allantoic fluid pools was performed in an open 
Petri dish with an inner diameter of 5 cm. Five cc. of fluid in this dish gave a depth of 5 mm. 
The distance from the fluid to the disc-shaped coil (diameter = 8 cm.) of the lamp, which was 
parallel to the fluid surface, was 9 cm. Irradiation was carried out for periods ranging from 
15 to 60 minutes. Allantoic fluids were not dialyzed before irradiation. 

Treatment with lanthanum . — Lanthanum acetate (LaAcj) was used for the treatment of 
infected allantoic fluid pools. The amorphous compound was dissolved in distilled water. 
Two stock concentrations, 0.1 and 0.01 si, were employed and the pH of the solutions used 
varied only between 6.5 and 7.0. When tested intra-allantoicallv in chick embryos, it was 
found that injections of 0.5 cc. of 0.1 it solutions did not kill the embryos. Solutions of LaAcj 
were mixed with equal quantities of infected allantoic fluid pools so as to give final concentra- 
tions ranging from 0.005 to 0.00005 is. The mixtures were held at 4°C. for 3 to 5 hours. 
Flocculent precipitates developed promptly. The precipitate was removed by centrifugation 
and discarded. The supemate was employed and excess lanthanum contained in it was pre- 
cipitated by the addition of sufficient Na-HPO* to give 0.5 is. This was done because lan- 
thanum acetate even in very low concentrations causes agglutination of chicken RBC. 


EXPERIMENTAL 

Elution of Lee and. PR8 Strains from RBC . — In order to determine whether 
persistent alterations in the rate of elution of influenza virus from RBC could 
be produced by experimental procedures, it was first necessary to devise a 
technique by means of which relatively small quantities of eluted virus could 
e measured. It was found that, when the RBC were sedimented from the 
mixture at fixed time intervals and resuspended in fresh saline after each centrif- 
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ugation, it was possible to measure with fair reproducibility the amount of 
virus which was eluted during each successive time interval. It appeared that 
in this manner the information desired could be obtained. 

A number of experiments were carried out to determine the rates of elution 
of the Lee and PRS strains from chicken RBC under these conditions. Hirst 
(2) showed previously, under different experimental conditions, that the Lee 
strain was eluted more rapidly than the PRS strain. 

The stepwise technique employed for the determination of the rate of elution of influenza 
viruses from RBC is described in detail above. In the present experiments successive 30 
minute elution intervals were employed. 

The results of a series of such experiments with a number of allantoic fluid 
pools containing either the Lee or the PRS strain are presented in summary 
form in Table I. It can be seen that elution of the Lee strain is characterized 
by very rapid dissociation during the first 30 minute step and thereafter during 
successive 30 minute intervals by progressively less rapid dissociation. It is 
evident that after tire second step (70 minutes) only very small quantities of 
virus were released into the supernatant fluids. The progressively decreasing 
rate of elution becomes especially evident when the percentage of virus eluted 
during each step is calculated relative to that combined with the RBC at the 
beginning of each step. As is shown in Table I, this quantity diminishes 
rapidly from an average value of 27.3 per cent during the first 30 minute step 
to no more than 0.3 per cent during the final 60 minute step. 

The elution of the PRS strain showed a very different pattern. Only rela- 
tively small amounts of virus were released from the RBC during each 30 
minute interval and at no time did the titer of the supernates reach a high level 
as was the case with the Lee strain during the first 30 minute step. Moreover, 
it will be noted that the percentage of combined virus which was eluted during 
each step remained almost constant. This indicates that with the PRS strain 
the rate of elution did not vary significantly during the time interval studied. 
In Figs. 1 and 2 the amounts of each strain which were eluted in successive 
steps are presented graphically. The logarithms of the geometric mean of the 
hemagglutination titers of the supernates are plotted against tire time after 
the virus was mixed with RBC. 

Similar experiments in which the supernatant fluid was changed at shorter 
intervals were carried out with both the Lee and PRS strains. In every in- 
stance analogous results were obtained. Although it was possible by employing 
very short elution periods, c.g. 5 minutes or less, to obtain even more rapid 
elution rates with the Lee strain, it was not possible to increase the rate of 
elution of the PR8 strain as can be seen from the data shown in Fig. 3. 

It is apparent that a number of factors might be responsible for the results 
obtained with the Lee strain. However, in the light of the findings presented 
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below, it seems of most interest to consider the possiblity that the progressively 
decreasing rate of elution obtained with the' Lee strain as not with PR8, may 
be an indication of an inhomogeneous population of Lee virus particles in 
infected allantoic fluid. 

Effects of Lanthanum Acetate upon Influenza Viruses.— Hammarsten, Ham- 
marsten, and Teorell (11) showed that lanthanum reacts with nucleic adds to 

TABLE I 


Results of Stepwise Virus Elution Experiments with Lee and PR8 Strains 



No. of 

Time after 
mixing with 
RBC 

Hemagglutination titer* 
of successive supemates 

Adsorbed 
virus eluted 


fluid pools 

Highest 

Lowest 

Mean __ 
Geometric 

per step 



rr.in. 




per cent 

Lee 

9 

o ■ 

8192 

1024 

2757 

— 

<( 

aSpl 

(Control) 

10 

256 

16 

34 



H 


40 

2048 

256 

745 

27.3 

it 

■ ■ 

70 

512 

64 

161 

8.1 

it ' 

m 

100 

256 

16 

32 

1.7 

it 


130 

32 

4 

10 

0.5 

it 

8 

190 

8 

4 

5 

0.3 


953 

37.9 






PR8 

5 

0 

4096 

1024 

2665 

— 

it 

it 

(Control) 

10 

32 

16 

28 



tl 

M 

40 

128 

32 

64 

2.4 

It 

it 

70 

128 

64 

112 

4.3 

ft 

tt 

100 

256 

32 

74 

3.0 

it 

it 

130 

128 

32 

56 

2.3 

It 

it 

190 

128 

32 

97 

4.2 

Total virus eluted 

403 

16.2 







* Expressed as the reciprocal. 


form an insoluble complex. It seemed possible that lanthanum could also 
react with influenza druses and probable that, if it did, it might cause some 
alteration of the agents. This possibility was investigated. 

"hen an aqueous solution of lant han um acetate was added to normal allantoic fluid, a 
Cocculcnt precipitate developed. The more concentrated the LaAc, solution, the more abun- 
dant was the precipitate. It was found that even in high dilution, e.g. ICE 5 to ICE 4 si, LaAc, 
caused agglutination of chicken RBC. Consequently, it was impossible to determine the 
hemagglutination titer of the virus in the presence of free lanthanum. When, however, a few 
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drops of 5 m Na;HPO< solution were added to the mixture, the excess of LaAcj was precipitated 
and satisfactory virus hemagglutination titrations could he performed. 

The addition of LaAcj to allantoic fluids containing influenza virus caused a prompt reduc- 
tion in the hemagglutination titer of the virus and the reduction in titer appeared to be pro- 
portional to the concentration of lanthanum. Thus, a concentration of 0.0001 it did not 



Fig. 1. Stepwise elution curves obtained with the Lee strain as well as with LaAc^trcatcd 
and ultraviolet-irradiated strains derived therefrom. The logarithm of the geometric mean of 
the hemagglutination titers of successive supemates (cf. Tables I, II, and IV) is plotted against 
the time at which the supernate was removed. 

demonstrably affect the hemagglutination titer, concentrations of 0.01 to 0.001 m decreased 
the titer 100- to 1000-fold, while a concentration of 0.1 it abolished the hemagglutination re- 
action completely. The reduction in titer occurred immediately after the lanthanum was 
added and prolonged treatment, e.g. 10 hours, did not lead to any further decrease in titer. 

The effect of LaAcj upon the infectivity of influenza virus also was studied. 
It was found that a mixture of equal parts of allantoic fluid infected with the 
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Lee strain and a 0.01 M solution of LaA* was capable of infecting chick em- 
bryos The virus infectivity titer of such a mixture, however, was lower by 
about 3 logarithmic units than that of the untreated allantoic fluid. Prolonged 



Fig. 2. Stepwise elution curves obtained with, the PR8 strain as well as with LaAcj- 
treated and ultraviolet-irradiated strains derived therefrom. The logarithm of the geometric 
mean of the hemagglutination titers of successive supemates (cf. Tables I, H, and TV) is 
plotted against the time at which the supernate was removed. 

contact, c.g. 8 hours, with LaAcj did not cause any further decrease in the virus 
infectivity titer. 

Elution of Lanthanum-Treated Virus from RBC . — To deter min e whether 
treatment with LaAcj caused an alteration in the rate of elution of the Lee or 
PRS strains was technically difficult with most of the original mixtures because 
of their markedly reduced hemagglutination titers. However, when a concen- 
tration of 0.00025 st was employed with the Lee strain, the hemagglutination 
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titer was reduced only two- to fourfold and it was possible to demonstrate di- 
rectly that elution of this treated strain occurred at a definitely slower rate 
than that of the original strain. 

Because virus treated with LaAc 3 retained infeclivity for the chick embryo, 
it was of obvious interest to determine the rate of elution of lanthanum- 
treated virus from RBC after serial passage in the allantoic sac. A number of 
experiments were carried out with both the Lee and PR8 strains. 

Allantoic fluid pools infected with the desired virus were mixed with LaAcj solution so as 
to yield a concentration of 0.005 m. After 3 to 5 hours at 4°C. and light centrifugation to 



Fig. 3. Stepwise elution curves obtained by removal of the supernate at 5 minute in' 
lervals with the Lee and PR8 strains as well as a modified (LaAc r trcatcd) Lee strain. 

remove the precipitate, groups of 6 embryos were inoculated intra-allantoically with a 10' ; or 
10~ 3 dilution of each supernate. The embryos were incubated and their allantoic fluids re- 
moved as described above. All fluids from each group which gave positive hemagglutination 
tests were pooled and used cither in elution rate experiments or ns inocula for additional groups 
of embryos. In passages the inoculum was diluted 10 ~ 3 . No further treatment with LaAcj 
was employed during the serial passage experiments. After a single treatment with LaAcj 
the Lee strain was carried through 15 serial passages in the allantoic sac;- the PR8 strain 
through 7. 

The results of stepwise elution rate experiments with LaAc 3 -treated strains 
of virus after serial passage in the chick embryo are shown in Table II as well 
as in Figs. 1 and 2. With the Lee strain the allantoic fluid pools employed 
ranged from the 1st through the 15th serial passage. With the PR8 strain 
pools obtained at each passage from the 1st through -the 7th were used. It 
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is seen that the rate of elution of the LaAcr treated Lee strain from RBC was 
strikingly different from that of the original Lee strain (cf. Table I). The 
very rapid elution rate during the first 30 minute step was no longer demon- 
strable and the progressive decrease in the elution rate, which characterized 
the original strain, was no longer evident. Moreover, the total quantity of 
virus which was eluted during successive steps was approximately M of the 


TABLE n 

Results o if Slepxise Elution Experiments with Lanthanum-Treated Lee and PRS Strains after 
Serial Passage in the Chick Embryo 


Vims strain 
(LaAcj- treated) 

No. of 
allantoic 
fluid pools 

Time after 
miring vrith 
RBC 

Hemagglutination titer 
of successive supernates 

Adsorbed 
virus eluted 
per step 

Highest 

Lotcest 

Mean _ 
Geometric 



min. 




per cent 

Lee 

9 

0 

8192 

1024 

2352 

— 



(Control) 





tt 


10 

128 

4 

15 

— 

it 


40 

512 

4 

35 

1.4 

It 


70 

512 

8 

138 

5.6 

It 

8 

100 

256 

32 

70 

3.0 

“ 

9 

130 

128 

8 

32 

1.4 

(C 

It 

190 

64 

8 

24 

1.1 

Total virus eluted 

299 

12.5 

PR8 

7 

0 

4096 

1024 

2470 

— 



(Control) 





II 

(t 

10 

64 

8 

18 

— 

tt 

cc 

40 

512 

8 

24 

1.0 

II 

« 

70 

256 

16 

29 

1.2 

tt 

tt 

100 

256 

16 

35 

1.5 

II 

tt 

130 

128 

16 

39 

1.6 

II 

(f 

190 

128 

16 

39 

1.7 

Total virus eluted 

166 

7.0 


amount obtained with the original strain. In these respects, the elution of 
the LaAcj- treated Lee strain closely resembled that of the original PRS strain 
(cf. Table I). It seems important to point out that prolonged serial passage 
with infected allantoic fluid inocula diluted only Id -3 , did not cause reversion 
in the peculiar elution characteristics of the LaAcr treated Lee strain; after 15 
passages in the absence of lanthanum, the elution curve remained grossly ab- 
normal and was not significantly different from that obtained after but a single 
passage of the modified strain in the allantoic sac. 

It also is seen from the results shown in Table H that the rate of elution of 
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the LaAc,r treated PR8 strain from RBC was somewhat slower than that of the 
original PRS strain. It should be noted, too, that only about Yz as much of 
the treated strain as of the original strain was eluted during successive elution 
steps in the time period studied. Even after 7 serial passages in the allantoic 
sac in the absence of lanthanum these alterations in the elution curve of the 
LaAc 3 -treated PRS strain remained demonstrable; no evidence for reversion 
to the characteristics of the original strain was obtained. 

Elution oj Ultraviolet-Irradiated Virus from RBC . — Ilenlc and Henlc (12) 
showed that ultraviolet irradiation inactivated various potentialities of influ- 
enza virus at different rates. Under the experimental conditions which they 
employed there was but little effect upon elution of the virus unless irradiation 
was prolonged sufficiently to affect markedly the capacity of the virus to cause 
hemagglutination. 

In the light of the unexpected and apparently persistent modifications pro- 
duced by a single treatment with LaAcj in the strains under study, it appeared 
of interest to study further the effects of ultraviolet irradiation upon the Lee 
and PRS strains. 

/ 

Undiluted allantoic fluid pools infected with the desired virus were irradiated with high 
intensity ultraviolet for varying periods under the conditions described above. After ir- 
radiation the hemagglutination titers of the fluids were determined. The longer periods (45 to 
60 minutes) of irradiation employed caused a marked reduction in the hemagglutination titer 
of previously non-irradiated strains. Irradiated fluids were diluted 10*’, and each was inocu- 
’ latcd intra-allantoically into a group of 6 embryos. The embryos were incubated and their 
allantoic fluids harvested as described above. These allantoic fluids were used in elution rate 
experiments as well as for the inoculation of additional groups of embryos. In passages the 
inoculum was diluted 10 -1 . With two irradiated Lee strains 6 serial passages of each, after 
a single period of irradiation, were carried out in the allantoic sac. With another irradiated 
Lee strain 11 serial passages were performed and several additional irradiations were carried 
out between certain passages. With the PR8 strain 7 serial passages were performed and 
further irradiation was carried out between each passage. 

The results of stepwise elution rate experiments with two ultraviolet-ir- 
radiated Lee strains after serial passage in the chick embryo are shown in Table 
III. With these two strains, which were irradiated only once, allantoic fluid 
obtained after each passage from the 2nd through the 6th was studied. It 
will be noted that the elution rate of these two irradiated Lee strains was 
markedly slower than that of the original Lee strain (c/. Table I) even though 
the total amount of virus eluted during all the successive steps was not greatly 
different. As with the LaAcrtrcated Lee strain (cf. Table II), the most strik- 
ing reduction was demonstrated during the first 30 minute elution period. 

The results of similar experiments with a repeatedly irradiated Lee strain 
are shown in Table IV and in Fig. 1. These experiments were made in an 
attempt to reduce even more markedly the elution rate of the irradiated Lee 
strain by means of further irradiation of allantoic fluid between embryo pas- 
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TABLE HI 

Results of Stepwise Elution Experiments with Lee Strains after a Singh Ultraviolet Irradiation 
and Serial Passage in the Chick Embryo 


Vims strain 
(ultraviolet- 
irradiated) 

No. of 
allantoic 
fluid pools 

Time after 
miring with 

RBC 

Hemagglutination titer 
of successive superoates 

Adsorbed 
vims elated 
per step 

Highest 

Lowest 

Mean # 
Geometric 



iKtft. 




per cent 

Lee 

10 

0 

8194 

1024 

1684 

— 



(Control) 





U 

c< 

10 

256 

16 

42 

— 

ft 

tt 

40 

1024 

4 

73 

4.4 

*« 

tt 

70 

1024 

16 

■Erl 

10.0 

<c 

tt 

100 

256 

32 

■ 

6.4 

(( 

tt 

130 

128 

8 


3.4 

« 

tt 

190 

256 

4 


3.3 

Total virus eluted 

408 

27.5 


TABLE IV 


Results of Stepwise Elution Experiments with Lee and PR8 Strains Repeatedly Ultraviolet- 
Irradiated after Serial Passage in the Chick Embryo 


Virus strain 
(uitraviolet- 
irradiated) 

No. of 
allantoic 
fluid pools 

Time alter 
miring with 
RBC 

Hemagglutination titer 

of successive supemates 

Adsorbed 
virus eluted 
per step 

Highest 

Lowest 

Mean 

Geometric 



min. 




per cent 

Let 

10 

0 

2048 

1024 

1520 

— 



(Control) 





tt 

If 

10 


0 

21 

— 

tt 

ft 

40 


16 

32 

2.1 

If 

ft 

70 


64 

1S1 

12.3 

tt 

ft 

100 

512 

32 

179 

13.9 

" 

tt 

130 

256 

16 

60 

5.4 

«( 

tt 

190 

128 

8 

42 

4.0 

Total virus eluted 

494 

37.7 

PR8 

7 

0 

4096 

1024 

2030 

„ 



(Control) 





a 

ff 

10 

32 

0 

5 

— 

(i 

it 

40 

32 

0 

10 

0.5 


tt 

70 

64 

4 

20 

1.0 


It 

100 

128 

8 

26 

1.3 


tt 

130 

64 

S 

26 

1.3 


tt 

190 

64 

S 

20 

1.0 

Total virus eluted . . . 

102 

5.1 
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sages. It is evident that the altered elution rate of the irradiated Lee strain 
was not additionally affected by further irradiation. 

It can be seen also from the results shown in Table IV and Fig. 2 that the 
elution rate of a repeatedly irradiated PR8 strain was somewhat slower than 
that of the original PRS strain (cf. Table I) and that only approximately \4 
as much of the irradiated strain as of the original strain was eluted during the 
time interval studied. The elution rate of the irradiated PR8 strain corre- 
sponded very closely to that of the LaAcrtreated PRS strain (cf. Table II). 

With the irradiated Lee strains no evidence of reversion to the elution char- 
acteristics of the original strain was obtained despite serial passage in the em- 
bryo with no further irradiation. The elution rates obtained with fluids from 
the last serial passages, i.c. the 6th, appeared not to differ significantly from 
those obtained with fluids from the 2nd embiyo passages. It appears, there- 
fore, that the modifications induced by ultraviolet irradiation, noth respect to 
elution of the strains studied from RBC, persisted on serial passage in the ab- 
sence of the original agent, as was the case after treatment with LaAcj. 

Injectivity of Modified Strains . — After serial passage in the chick embiyo the 
infectivity titer of LaAcrtreated Lee and PRS strains as well as ultraviolet- 
irradiated Lee and PRS strains was determined in parallel with that of the 
original strains. Titrations were carried out both in mice and in chick em- 
btyos according to the techniques described above. 

In every instance it was found that there was no significant difference be- 
tween the virus titration end points obtained with the modified and original 
strains in either mice or chick embryos. It appears, therefore, that both LaAcr 
treated and ultraviolet-irradiated strains retained in undiminished degree the 
capacity to induce infection in either species. 

Immunological Properties of Treated Strains . — After serial passage in the 
chick embryo cross hemagglutination-inhibition titrations were carried out with 
LaAcrtreated, ultraviolet-irradiated, and the original Lee and PRS strains. 
The immune sera employed were anti-Lee, anti-PRS, and anti-ultraviolct-ir- 
radiated Lee. 

In each case it w’as found that there was no significant difference between 
the results of quantitative hemagglutination-inhibition titrations with the orig- 
inal strain and with modified strains derived from it. It thus appears that 
both the LaAcrtreated and the ultraviolet-irradiated strains retained the im- 
munological specificity which characterizes the strain from which they w'ere 
derived. 

Effect of Increased NaCl Concentration upon Elution Rate . — In this laboratory 
Davenport (13) recently found that a decrease of electrolyte concentration in 
RBC-influcnza virus systems leads to a reduction in the elution rate of the 
virus. In the present study, when the NaCl concentration of mixtures was 
reduced in experiments in which the stepwise elution technique was employed, 
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a decrease in elution rate also was noted. It was, therefore, of interest to 
determine what egect ah increased salt concentration would have upon the 
elution rate under similar conditions, 

TABLE V 


Results of Stepwise Elution Experiments with Lee, PR8, and Ultraviolet-Irradiated Lee Strains 

in 3 Per Cent NaCl Solution 


Virus strain 

Time after 

Hemagglutination with successive supemates* 
diluted as indicated 

Total virus 
eluted in 

mixing with 
RBC 

4 8 16 32 6i 128 255 512 1024 20584096 

3.0 

percent 

NaCl 

0.9 

percent 

NaCl 


min. 




Lee 

0 

22 233333222 




(Control) 




It 

10 

2 2 3 2 



(( 

40 

00^22223222 



CC 

70 

3 3 3 3 2 2 



it 

100 

3 2 2 



1C 

130 

2 


* 

« 

190 

2 

104 

55 

Ultraviolet-irradiated 

0 

44 43333332 . 2 



Lee 

(Control) 




CC CC 

10 

3 3 2 



<c cc 

40 

4 3 3 3 2 



cc cc 

70 

4 4 3 3 3 2 



cc cc 

100 

4 3 3 3 3 2 



cc cc 

130 

3 3 3 3 2 



cc cc 

190 

3 3 3 3 2 

11 

13 

PR8 

0 

44 433333322 




(Control) 




cc 

10 

4 3 2 



cc 

40 

44 444432 



cc 

70 

44 443322 



it 

100 

44 443322 



it 

130 

4 4 3 3 2 2 2 



It 

190 

4 4 4 3 3 2 2 

50 

10 


* Dilutions prepared in 0.9 per cent NaCl solution. 


buffered solution containing 3 per cent NaCl, instead of 0.85 per cent, was used. When 
this solution was added to sedimented RBC and adsorbed virus, it was found that the RBC 
promptly formed a solid gel. If, however, the RBC were first gradually adapted to an in- 
creasing salt concentration by washing successively in 1 .5, 2, 2.5, and 3 per cent NaCl solutions, 
no such difficulty was encountered. The experiment, therefore, was carried out with such 
NaCl-adaptcd RBC and 3 per cent buffered NaCl solution was added as an elution medium 
at each step. The supemates were diluted in 0.9 per cent NaCl in the usual manner. 
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As can be seen from the results shown in Table V the presence of 3 per 
cent NaCl in the mixtures increased the elution rate of both the Lee and PR8 
strains. However, the modified (ultraviolet-irradiated) Lee strain did not show 
any significant change in elution rate under these conditions. It should also 
be noted that in the lower dilutions of the supernate obtained from the Lee 
strain after the first 30 minute elution step there was no evidence of hemag- 
glutination at 1 hour. With the other supemates from the Lee strain as well 
as with each of the supernates from the PR8 and the modified Lee strain, the 
usual results were obtained. 

Simultaneous hemagglutination titrations were performed with the Lee and 
PR8 strains in 3, 2, 0.9, and 0.45 per cent, respectively, buffered NaCl solutions. 
In 3 per cent NaCl solution the Lee strain causes agglutination rapidly, but 
after about 25 minutes aggregates disappeared, and at the end of 1 hour only 
0 readings were obtained throughout the series of dilutions. In 2 per cent NaCl 
solution the lowest four dilutions showed 0 readings. No similar disappearance 
of hemagglutination occurred in either 0.9 or 0.45 per cent NaCl solutions. 
Identical experiments with the PR8 strain failed to show any such effect of 
NaCl concentration on the hemagglutination reaction. 

It appears that it was possible to increase the elution rate of both the Lee 
and PR8 strains but not of the modified Lee strain by increasing the NaCl 
concentration of the elution medium. The disappearance of hemagglutination 
in the lower dilutions of the supernate from the first 30 minute step is undoubt- 
edly the result of the very rapid elution rate of this fraction which is further 
accelerated by the increased NaCl concentration. It is of interest that both 
the PR8 strain and the modified Lee strain, both of which have relatively slow 
elution rates, failed to show a similar phenomenon. 

DISCUSSION 

That it is possible to cause certain alterations in a property of influenza virus 
by well defined and readily controlled laboratory procedures is apparent from 
the results obtained in this study. A single brief period of treatment with 
lanthanum acetate in low concentration or a single period of irradiation with 
ultraviolet light resulted in the development of virus strains which possessed 
a demonstrable modification as compared with the original strain. Of most 
interest and importance is the fact that the modified strains retained their un- 
usual character on serial passage in the chick embryo in the absence of the agent 
which originally produced the alteration. 

Insofar as was determined but a single property of the modified strains was 
altered. That other properties also may have been, altered is, of course, pos- 
sible. However, infectivity for both the mouse and the chick embryo, hemag- 
glutinating capacity, rate and degree of adsorption on RBC, antigenicity and 
immunological specificity all appeared to be identical with those of the original 
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strain. Of the properties studied only elution from combination with RBC 
was demonstrably different, both as to rate and extent, and served to distin- 
guish the modified strains of Lee virus from the original strain. 

It is noteworthy that it is the Lee strain which yielded modified strains with 
the more striking reductions in elution rate. It has been known for some time 
(2) that the Lee strain elutes from RBC considerably more rapidly than the 
PR8 strain. The alteration was sufficiently marked to make it impossible to 
distinguish between modified Lee strains and the PR8 strain on the basis of 
their rates of elution alone. 

As for the agents which were employed for the development of modified in- 
fluenza virus, it is known that lanthanum forms insoluble complexes with nu- 
cleic acids (14) and the wave length of ultraviolet employed appears to be 
identical with that at which nucleic acids show maximal adsorption (15). 
Whether either or both agents exert their effects as a result of action on nucleic 
add components of the virus particles is hypothetical. However, it appears 
possible that either agent might deleteriously affect such components. 

The fact that the original Lee strain shows a progressively decreasing rate 
of elution with increasing time suggests that the individual virus particles are 
not entirely identical as regards this one property. There is, in fact, no good 
reason for thinking that all virus particles of a given strain are identical in all 
respects. There is some evidence which strongly suggests that influenza 
viruses, like numerous other infectious agents, may show variation relative to 
various properties; i.e., pathogenidty for unnatural hosts (16, 17), capadty to 
agglutinate erythrocytes from various spedes (18), and immunological charac- 
teristics (19, 20) . It seems probable that an infected allantoic fluid can be con- 
sidered to contain an enormous population of virus particles all fundamentally 
similar in most respects but differing slightly, one from another, in certain 
respects. If such an inhomogeneity in a given population of virus particles 
exists, it would not be surprising that chemical or physical agents might affect 
individual particles in somewhat different ways. Thus, the deleterious action 
of lanthanum or of ultraviolet might vary in an inhomogeneous population, 
and those particles which, following treatment, retained the capadty to multi- 
ply in a susceptible host would be in all probability the particles least affected 
by either agent. Passage of such a treated strain should result in the develop- 
ment of a virus population closely similar to or identical, in distribution of 
properties, with that of the original strain only if the treated strain were as 
capable as the original strain of leading to the development of virus particles 
with slightly diverse properties. If, however, a treated strain contains less 
than the original distribution of slightly different virus particles, and leads in 
the susceptible host to the development of a virus population with an abnor- 
mall) restricted distribution of properties, an altered strain would emerge. Such 
an altered strain could continue on serial passage to show the same unusual 
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property, although reversion with the eventual acquisition of the properties 
of the original strain might occur if passages were continued sufficiently long. 

It seems likely that the alteration produced in influenza virus in the present 
study is best explained on the basis of selection of naturally occurring variants. 
It is, of course, possible that variants might actually have been induced by the 
procedures employed. With the modified Lee strains it appears that the rela- 
tively large proportion of the virus population of the original strain, which 
shows a very rapid elution rate, is much reduced. The slower elution rate of 
the modified strains may be explained by the reproduction in the susceptible 
host of a higher than normal proportion of virus particles with a slow elution 
rate due presumably to the selective inactivation of virus particles with a high 
elution rate by the agents initially employed. Whether variants were selected 
or induced by the experimental procedures, the final results would be similar 
and a modified strain could be evolved under either circumstance. 

SUMMARY 

The rates of elution from RBC of the Lee and PR8 strains of influenza virus 
were studied by means of a step-wise elution technique. By means of a single 
treatment with lanthanum acetate or irradiation with ultraviolet and subse- 
quent passage in chick embryos, it was possible to alter the elution rate of the 
Lee strain so that it was similar to that of the PR8 strain. This alteration 
proved to be persistent on serial passage in the absence of the agent which 
caused it. As far as was determined, the elution rate of the virus appeared to 
be the only property which was altered. The phenomenon can be most readily 
understood on the assumption that the difference in elution rates of the two 
strains is due to a heterogeneous population of virus particles in the Lee strain 
with respect to elution rate. 
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It is well known that there are present in certain tissues of various normal 
animal species components which are capable of inhibiting hemagglutination 
by influenza viruses (1—10). Relatively little attention has been given to a 
component of this kind which is present in the allantoic fluid of normal chick 
embryos. Svedmyr (7) previously reported upon such a component and 
studied some of its properties. In view of the fact that, at the present time, 
most work on influenza viruses is carried out with material obtained from the 
allantoic sac of the chick embryo, it seemed important to study in detail this 
inhibitor and the reactions between it and influenza viruses. In the present 
communication evidence will be presented regarding its nature. Evidence also 
will be presented to show that it combines with the virus particle, and that 
following combination the complex dissociates partially, but not completely. 
In addition, it will be shown that after dissociation the inhibitor is altered, i.e. 
it is no longer capable of combining with additional influenza virus, and there- 
fore cannot be demonstrated directly by the available techniques. 

Materials and Methods 

Virus . — The PR8 strain of influenza A virus was used. The virus, which previously had 
been passed many times through chick embryos and mice, was cultivated in the allantoic 
sac of White Leghorn chick embryos which had been incubated at 39°C. for 10 to 12 days. 
After inoculation with approximately 10 5 E.I.D. of virus the eggs were incubated at 35°C. for 
48 hours, and then chilled at 4°C. overnight before the allantoic fluids were harvested. The 
infected allantoic fluids employed in hemagglutination experiments were sterile pools obtained 
from groups of 8 to 10 eggs and were stored at 4°C. Infected fluids which were used for the 
inoculation of additional eggs were diluted with nine parts of sterile normal horse serum 
(previously heated at S6°C. for 30 minutes) and stored in nitrocellulose tubes at — 70°C. 

Formal Allantoic Fluid . — For the most part the normal allantoic fluid used was removed 
from chick embryos which had been incubated at 39'C. for 14 days. Following incubation 
the eggs were chilled at 4°C. overnight and the allantoic fluid from groups of S to 10 eggs 
was pooled. Each pool of normal fluid was stored at 4'C. until used. Frequently, a pre- 
cipitate formed in the allantoic fluid upon storage at 4”C.; this was removed by centrifugation 
and discarded. 

Virus Hemagglutination Titrations . — Serial twofold dilutions of infected allantoic fluid were 
made in 0.S5 per cent XaCl solution buflered at pH 7.2 (0.01 m phosphate). To 0.4 cc. of 
each dilution in 10 X 75 mm. Pvrex tubes was added 0.4 cc. of a 0.5 per cent suspension 
of washed chicken RBC in buflered saline. Readings were made after the tubes had stood 
1 hour at room temperature. The end point was taken as the highest dilution at which 
definite (2-f ) agglutination of the RBC occurred. 

403 
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EXPERIMENTAL 

Increase in the Inhibitor in Exlracmbryonic Fluids with Age . — Before under- 
taking a detailed study of the component in normal allantoic or amniotic fluid 
which inhibits hemagglutination by influenza virus, it was first necessary to 
determine the age of the embryo at which the fluids contained most inhibitor. 

Groups of 10 to 20 normal embryonnted eggs were incubated at 39°C. for periods from 
7 to 14 days. After incubation the allantoic and amniotic fluids from each group of eggs 
were pooled separately and each pool was tested for its ability to inhibit hemagglutination 
with the PR8 strain. Two methods were used: With Method I serial twofold dilutions of a 
single virus suspension were made in each allantoic or amniotic fluid pool, and the hemaggluti- 
nation titers obtained were compared with the titer of the virus diluted in buffered saline. 
With Method II serial twofold dilutions of each pool of allantoic or amniotic fluid were made 
in buffered saline; to each dilution was added a suspension of heated virus (56°C. for 1 hour) 
diluted so as to give a final concentration of 4 hcmagglutinating units. The titer of the 
inhibitor was taken as the highest dilution of fluid which prevented definite (1-f) hemag- 
glutination. 

The results of the experiments with allantoic fluid are presented in Fig. 1 A. 
The curve obtained by Method I is plotted as the difference between the log- 
arithms of the hemagglutination titers obtained when the virus was diluted in 
normal allantoic fluid as compared to buffered saline. The curve obtained by 
Method II is plotted as the logarithm of the highest dilution of normal allan- 
toic fluid which prevented hemagglutination by 4 units of virus. It will be seen 
that both methods gave similar results, although the curve obtained by Method 
II has a slightly greater slope. The results demonstrate that the concentration 
of inhibitor in normal allantoic fluid increases progressively with increasing age 
of the embryo. In general these results are in agreement with the findings of 
Svedmyr (7) who employed a technique analogous to Method I. However, the 
present results do not indicate that the concentration of inhibitor is relatively 
constant after the 11th or 12th day, as was previously suggested (7). 

The results of experiments with amniotic fluid are shown in Fig. 1 B in which 
the plotting procedure is identical with that employed in Fig. 1 A . Here again, 
the slope obtained by Method II is greater than that obtained by Method I. 
It will be noted that there is almost no demonstrable inhibitor in amniotic 
fluids from normal eggs less than 10 days of age, but that thereafter the con- 
centration of inhibitor increases rapidly with increasing age of the embryo until 
a peak is reached at 13 days. The inhibitor concentration as determined by 
Method II at this time is greater than that of allantoic fluid from 14 day em- 
bryos. These findings are similar to those of Svedmyr (7) insofar as they 
may be compared. 

Determination of Inhibitor Concentration . — The methods employed to deter- 
mine the concentration of inhibitor in normal allantoic fluid were of two main 
types: (a) inhibition of decreasing quantities of virus by a constant quantity 
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of inhibitor, and ( b ) inhibition of a constant quantity of virus by decreasing 
quantities of inhibitor. They are presented in detail below. 

Decreasing Virus vers:,s Constant Inhibitor.-In the early experiments an infected allantoic 
fluid pool was diluted serially in normal allantoic fluid and the hemagglutination titer obtained 
in the usual manner was compared with the titer obtained after dilution of the same pool in 



Fig. 1. Increase in inhibitor concentration in extraembryonic fluids with age. Graph A 
represents results obtained with normal allantoic fluid. Graph B shows the results obtained 
with normal amniotic fluid. The concentration of inhibitor was determined by two methods: 
In Method I the virus was diluted in allantoic or amniotic fluid and the log of the difference in 
titer from a control titration in saline is shown; in Method II dilutions of the fluids were tested 
against 4 units of heated virus and the log of the highest dilution which inhibited hcmagglu tina- 
tion is shown. 

buffered saline. In this procedure it is evident that the concentration of normal allantoic 
fluid increases slightly but progressively with each dilution of the infected pool. In order 
to control this variable the following procedure was employed. 

Serial twofold dilutions of an infected pool were made in buffered saline. To 0.2 cc. of 
each dilution were added 0.2 cc. of normal allantoic fluid from 14 day old embryos and 0.4 
cc. of a 0.5 per cent suspension of washed chicken RBC. The hemagglutination titer obtained 
was compared with that obtained in a similar titration in which buffered saline was substituted 
for normal allantoic fluid. The number of hemagglutinating units of virus inhibited was 
taken as the ratio of the titer in saline to the liter in the presence of normal allantoic fluid. 
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In Table I the results obtained in a number of experiments carried out by 
this method are summarized. It will be seen that between 1 and 24 hemag- 
glutinating units of virus were inhibited by normal allantoic fluid when differ- 
ent pools of virus were employed. However, in each instance the quantity of 
virus inhibited was directly related to the titer of the virus pool used. That 
is, in the presence of a constant concentration of normal allantoic fluid an al- 
most constant hemagglutination titer is obtained regardless of the level of the 
original virus titer. Therefore, in order to determine differences in the con- 
centration of inhibitor, it is important to use a virus pool with the highest 
possible titer. 


TABLED 

Relation between Hemagglutination Titer and Quantity of Virus Inhibited by a Constant Amount 

of Hormal Allantoic Fluid 


Infected* allantoic 
fluid pool 

Hemagglutination titeri 

Virus inhibited 

In buffered saline 

In normal allantoic fluid} 

Iso. of hetniRzhitinitinp 
units 

A 

256 

128 

i 

B 

512 

128 

2 

C 

1024 

128 

4 

D 

2018 

128 

8 

E 

2048 

64 

16 

F 

6144 

128 

24 


* Allantoic fluids harvested 48 hours after inoculation of PR8. 
t Expressed as the reciprocal. 

§ Obtained from 14 day embryos. 


Constant Virus versus Decreasing Inhibitor. — In this procedure serial twofold dilutions of 
normal allantoic fluid from 14 day embryos were made in buffered saline. To 0.4 cc. of each 
dilution were added 0.2 cc. of virus, diluted so as to give a final concentration of 4 hemag- 
glutinating units, and 0.2 cc. of a 1 per cent suspension of washed chicken RBC. The titer 
of the inhibitor was taken as the highest dilution of normal allantoic fluid which prevented 
definite (1+) hemagglutination. 

The results of a typical experiment are shown in Table II. It is seen that 
normal allantoic fluid inhibited hemagglutination only when it was diluted 
eightfold or less. Of numerous fluids tested none could be diluted more than 
1 : 8 and still cause inhibition under these conditions. 

Constant Heated Virus versus Decreasing Inhibitor . — It was shown by Francis 
(5) that influenza B virus, when heated at 56°C., lost very little of its hemag- 
glutinating capacity, but gave much higher hemagglutination inhibition titers 
with normal sera than did equivalent amounts of unheated virus. It seemed 
possible that similar results might be obtained with normal allantoic fluid, and 
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consequently titrations were carried out in a manner identical with that de- 
scribed above except that 4 hemagglutinating units of heated virus (56°C. for 
1 hour) was used. 

The results of a typical experiment with heated virus are also shown in Table 
H. It will be seen that 4 units of heated virus was inhibited by a much higher 
dilution of normal allantoic fluid than was an equal amount of unheated virus. 
In Table IH the results of a number of experiments carried out with different 


TABLE n 

Inhibition Tiler of Normal Allantoic Fluid with Infectious and Heated Virus 


Infected allantoic fluid 

Dilution of normal allantoic fluid* 





Inhibition titer 

Treatment 

Hemagglutinating 
units per tube 

2 4 8 16 32 64 128 256 512 1024 

None 

4 

0001234444 

8 

Heatedf 

4 

000000 0024 

256 


* Expressed as the reciprocal. 

1 56°C. for 1 hour before dilution. 


TABLE in 


Relation between Hemagglutination Tiler of Virus Pool and Inhibition Tiler Obtained ■with 

Normal Allantoic Fluid 


Infected allantoic fluid pool 

Hemagglutination titer 

Inhibition titer of normal 
allantoic fluid* 

1 

1024 

32 

2 

2048 

64 

3 

2018 

128 

4 

4096 

128 

5 

8192 

128 

6 

8192 

256 


* Determined with 4 units of virus after heating. 


pools of heated virus are summarized. In each instance the titer of inhibitor 
represents the highest dilution of normal allantoic fluid which inhibited 4 units 
of heated virus. Because the various virus pools had different titers, the di- 
lution employed varied from one pool to another. It will be seen that 4 units 
of heated virus, when derived from a high titer pool, was inhibited by a con- 
siderably higher dilution of normal allantoic fluid than an equal number of 
units of heated virus derived from a pool of lower titer. It appears, therefore, 
that the titer of inhibitor in normal allantoic fluid is influenced by the hemag- 
glutination titer of the virus suspension employed to determine it. 

Centrifugation of Inhibitor. The behavior of the inhibitor in normal allantoic 
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fluid towards influenza virus suggested that it might be a single component and 
of moderately large size. This impression was strengthened when it was found 
not to dialyze through cellophane membranes. To obtain information as to 
the size of the inhibitor relative to that of influenza virus, the effect of high 
gravitational fields on the inhibitor and on influenza virus was compared. 
Svedmyr (7) found that the inhibitor was sedimented at 27,000 r.r.m. 

Nitrocellulose tubes containing 20 cc. of cither normal allantoic fluid or allantoic fluid from 
embryos infected with PR8 were centrifuged at 15,000 R.r.M. for varying periods in a high 
speed vacuum apparatus (11). Both normal and infected fluids were centrifuged simultane- 
ously. The centrifuge head was similar to that previously described (12) but was almost twice 
as large; the diameter = 30.1 cm. After centrifugation the top 10 cc. of each supemate was 
removed carefully, the remainder of the supemate was then withdrawn, and the sediment 
was resuspended in a quantity of buffered saline equal to the original volume. The inhibitor 
titer of the normal fluid fractions was determined as described above against 4 units of heated 
virus and the hemagglutination titer of the infected fluid fractions was determined in the 
usual manner. 

The results are presented in Fig. 2 in which the upper portion (/l) shows 
the titers obtained with the top 10 cc. of the supernates and the lower portion 
( B ) shows those obtained with the resuspended sediments. Both the inhibitor 
and hemagglutination titers arc plotted as logarithms. It will be noted that 
the titer of the inhibitor in the supernates decreased at a much slower rate than 
did that of the virus and, in addition, that with the resuspended sediments the 
virus titer increased at a faster rate than did the inhibitor titer. These results 
indicate that the inhibitor in normal allantoic fluid is significantly smaller than 
the virus particle (PR8) but show that some sedimentation of the inhibitor is 
obtained even at a speed of 15,000 R.R.M. 

Heat Stability of the Inhibitor . — The effect of heat upon the inhibitor was 
determined in the following manner: 

Specimens of normal allantoic fluid which had been dialyzed overnight against buffered 
saline (pH 7.2) were heated in a water bath at temperatures of 70 or 100°C. for varying 
periods. After this treatment the inhibitor concentration of each specimen was determined 
against 4 units of heated virus as described above. The allantoic fluid, which was almost 
water-clear before heating, developed only a very slight turbidity even when heated at 100°C. 
for 1 hour. 

The results obtained are shown in Table IV. A twofold decrease in the in- 
hibitor titer occurred after 45 minutes at 70°C. but no further drop in titer was 
found after 60 minutes. On heating at 100°C. the inhibitor titer decreased 
somewhat more rapidly but approximately 25 per cent of the inhibitor re- 
mained demonstrable even after 1 hour. It is evident that the inhibitor is 
very stable to heat. Svedmyr (7) showed previously that the inhibitor was 
not completely destroyed by similar heating. 
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Fig. 2. Effect of high speed centrifugation on the inhibitor as compared with .the virus. 
Aliquots of normal allantoic fluid and infected allantoic fluid were centrifuged simultaneously. 
Both the hemagglutination titer with infected fluid and the inhibitor titer with normal fluid 
of the top 10 cc. of the supemates, as shown in Graph A, and of the resuspended sediments, as 
shown in Graph B, are plotted against the time of centrifugation. 


TABLE IV 

Eject of Beating on Inhibitor 


Treatment of normal allantoic fluid 

Inhibition titer* 

Treatment of normal allantoic fluid 

Inhibition titer* 

•c. 

rtin. 


•c. 

r.ir.. 


— 

— 

128 


— 

128 

70 

15 

128 

i 100 

15 

128 

70 

30 

128 

! ioo 

30 

61 

70 

45 

64 


45 

61 

70 

00 

61 

100 

60 

32 


* Determined against 4 hemagglutination units of heated virus. 
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Effect of pH on the Inhibitor . — The pH stability range of the inhibitor was 
determined in the following manner: 

Normal allantoic fluid which had been dialyzed overnight against buffered saline was 
divided into aliquots. The pH of each aliquot was adjusted to the desired level by the drop- 
wise addition of cither 1 N IfCl or I x NaOH. The specimens adjusted to pH 2.6 and 3.3 
became slightly cloudy but no easily sedimentable precipitate formed; the fluid remained 
clear at the various other pH levels. After 1 hour at room temperature or 30 minutes at 
70°C. the inhibitor titer of each specimen was determined against 4 units of heated virus. 

The results arc summarized in Table V. It will be seen that after 1 hour 
at room temperature the inhibitor was demonstrable in undiminished concen- 
tration at pH levels from 10.7 to 6.3, but at lower pH levels the titer decreased 


TABLE V 


Stability of Inhibitor at Different pH Levels 


Normal allantoic fluid adjusted toj 

Inhibition titer* 

After 60 min. at room temperature 

After 30 min. at 70*C. 

pa 

2.6 

16 

2 

3.3 

16 

2 

4.6 

32 

1G 

5.3 

32 

32 

6.3 

64 

64 

7.0 

61 

64 

9.8 

64 

32 

10.0 

64 

32 

10.7 

64 

16 


* Determined against 4 hemagglutination units of heated virus. 
t With 1 n HC! or 1 N NaOH. 


progressively. After heating at 70°C. the inhibitor titer remained constant 
only at pH 7.0 and 6.3 and was reduced on both the alkaline and acid sides. 

Effect of Temperature on Inhibition . — The effect of temperature on the in- 
hibition of influenza virus (PR8) by normal allantoic fluid was studied by the 
constant inhibitor-decreasing virus technique described above. Identical titra- 
tions were carried out simultaneously at 4°C., room temperature (22-26°C.), 
and 37°C. with the same pools of virus. 

The results of several such experiments are summarized in Table VI. The 
results of a similar experiment carried out with heated virus are also shown. 
It will be noted that the quantity of virus inhibited at 4°C. was from four- to 
eightfold greater than the quantity inhibited at room temperature; that the 
quantities of virus inhibited at room temperature and at 37°C. were almost 
identical; that when heated virus was employed there was very little difference 
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between the quantity inhibited at 4°C. and the quantity inhibited at room 
temperature; and that the quantity of heated virus inhibited at room temper- 
ature was the sam e as the quantity of infectious virus inhibited at 4°C. These 
results show that the inhibition of hemagglutination by normal allantoic fluid 
can be increased by lowering the temperature to 4°C., and that the same in- 
crease in inhibition can be obtained at room temperature or 4°C. by the use of 
heated virus. 

Action of Enzymes and Periodate on the Inhibitor . — Evidence as to the nature 
of the inhibitor was sought by studying the effect of different purified enzymes 
upon its capacity to inhibit hemagglutination. It was found that crystal- 
line trypsin 1 in low concentration failed to alter the inhibitor titer. However, 
when allantoic fluid which had been dialyzed against buffered saline (pH 7.2) 

TABLE VI 

Effect of Temperature on Quantity of Virus Inhibited by a Constant Amount of Normal 

Allantoic Fluid 


Infected allantoic 
fluid pool 


A 

B 

C 

B heated t 


Hemagglutination titer* 

In normal allantoic fluid 



* Expressed as the reciprocal, 
t 56°C. for 1 hour. 


37”C. 



was treated with a relatively high concentration of crystalline trypsin (1.25 mg. 
per cc.) for 3 hours at 37°C., there was almost complete destruction of inhibitor 
activity as is shown in Table VH. It is well established that egg white con- 
tains a trypsin inhibitor in very high concentration (13), and it seems probable 
that a similar substance may be present in allantoic fluid. If this were true, 
it would provide an explanation for the failure of trypsin in low concentration 
to destroy inhibitor activity. 

The eficct of crystalline ribonuclease and highly purified desoxyribonuclease 
on the inhibitor was also determined. 


An equal volume of crystalline ribonuclease* (1.0 mg. per cc.) or desoxyribonuclease 1 (1.0 
mg. per cc. in 0.03 is MgSO,) was added to dialyzed allantoic fluid and the mixtures were 

» Obtained through the courtesy of Dr. M. Kunitz of The Rockefeller Institute, Princeton 
New Jersey. * 9 

* These enzymes were kindly provided by Dr. M. McCartv of the Hospital of Tee Rod e- 
leuer Institute, New York. 
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incubated at 37°C. for 4 hours. Following this the inhibitor titer of each mixture was de- 
termined against 4 units of heated PRS. 

The results obtained are also shown in Table YH. It will be noted that 
neither enzyme had any apparent effect upon the inhibitor titer. 

Burnet (8) showed that several mucinous substances inhibit hemagglutination 
by influenza viruses. This prompted the treatment of allantoic fluid with 
several hyaluronidase preparations. 

Four preparations were used: a pneumococcal hyaluronidase 5 (containing 1500 viscosity 
units per mg.) prepared from a type II R (D39R) culture by the method of Meyer et al. (14); 


TABLE VII 

Effect of Enzymes and Periodate on Inhibitor 


Treatment of norma! allantoic fluid 

Inhibitor titer 

Materia! 

Concfn- 

tration 

Time 

After 

treatment 

Control 
not treated 


tr.g./ec. 




Pneumococcal hyaluronidase 

0.001 


<2 

256 

Pneumococcal hyaluronidase (heated)* 

0.001 


256 

256 

Crystalline ttyp s ' n 

1.25 


4 

128 

Crystalline ribonuclease 

0.5 


128 

12S 

Dcsoxyribonuclcasef 

0.5 


128 

128 


per ten! 




Streptococcal extract 

10.0 

i 

64 

64 

Leech extract 

10.0 

i 

64 

64 

Testicular extract 

10.0 

i 

64 

64 

LilOr 

0.025 m 

2 

<4 

64 


* 70°C. for 5 minutes in buffered saline. 
t In 0.03 M MgSOi. 


a streptococcal extract 5 (approximately 100 viscosity units per cc.) prepared from the super- 
natc of a culture of group A, type 4 hemolytic streptococci; a crude bull testicular extract 5 (570 
viscosity units per cc.) prepared by the method of Kass and Seastone (15) ; and a leech extract 5 
(approximately 500 viscosity units per cc.) prepared by the method of Claude (16). The 
pneumococcal hyaluronidase was dissolved in distilled water and added to dialyzed normal 
allantoic fluid to yield a concentration of 0.001 mg. per cc.; the streptococcal, testicular, and 
leech extracts were added to specimens of allantoic fluid to yield a concentration of 10 per 
cent. The fluids were incubated in a water bath at 37°C. for 1 hour and then at 70°C. for 
5 minutes in order to inactivate the various enzymes. After treatment the inhibitor titer of 
each mixture was determined against 4 units of heated PRS. 

The results of these experiments are presented in Table VII. It will be seen 
that there was no demonstrable inhibitor in allantoic fluid after treatment 

5 Kindly provided by Dr. S. Rothbard of the Hospital of The Rockefeller Institute, New 
York. 
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with pneumococcal hyaluronidase, whereas the inhibitor titer was undimin- 
ished in the fluids treated with streptococcal, testicular, or leech extracts. This 
raised the possibility that the component of the pneumococcal preparation 
responsible for the destruction of the inhibitor might be something other than 
hyaluronidase. The preparation did contain a hemolysin but had no proteo- 
lytic activity against gelatin or casein. 4 The ability of the pneumococcal en- 
zyme to destroy the inhibitor was completely inactivated after heating for 5 
min utes at 70°C. in the presence of allantoic fluid, buffered saline, or phosphate 
buffer (pH 7.1, p 0.5) ; the hyaluronidase activity as determined by the viscosi- 
metric method was also destroyed under these conditions. 4 

Meyer el al. (17, 18) compared hyaluronidases of different origin by both viscosi- 
metric and reductometric methods and found that pneumococcal hyaluronidase 
hydrolyzed the substrate to almost 100 per cent of the theoretical amount, but that 
testicular and leech hyaluronidases, both of which contained more activity than the 
pneumococcal preparations in viscosimetric tests, hydrolyzed the substrate to only 50 
and 40 per cent, respectively. They concluded that hyaluronidases were mixtures 
of at least two enzymes, one attacking the long chain molecules, the other hydrolyzing 
the aldobionic acid units. This could provide an explanation for the failure of the 
streptococcal, testicular, and leech extracts to destroy inhibitor activity. The very 
low concentration of pneumococcal hyaluronidase required to destroy inhibitor 
activity supports the idea that one of the hyaluronidase enzymes was responsible for 
' the destruction of inhibitor activity. 

Hirst (10) showed that sodium periodate destroys the virus receptors of red 
blood cells and also the hemagglutination inhibitor in normal rabbit serum. 
He suggested that this effect was due to the alteration of a polysaccharide by 
periodate. The effect of periodate on the inhibitor in allantoic fluid was there- 
fore studied. 

One volume of 0.1 si LiIO< was added to 3 volumes of normal allantoic fluid. After 2 hours 
at room temperature 2 volumes of 7.5 per cent glucose was added to inactivate the remaining 
periodate, and the inhibitor titer was then determined against 4 units of heated PR8. 

The results of this experiment are shown in Table VH. It will be seen that 
insofar as could be determined the inhibitor was completely inactivated by 
lithium periodate. 

It appears that three substances have been found, each of which is capable 
of inactivating the inhibitor in normal allantoic fluid. These are: crystalline 
trypsin, pneumococcal hyaluronidase, and lithium periodate. The destruction 
of inhibitor activity by crystalline trypsin suggests that at least part of the 
inhibitor is protein, while inactivation by pneumococcal hyaluronidase as well 
as periodate suggests that the inhibitor contains carbohydrate. The available 

‘ Eliminations were kindly carried out by Dr. M. McCarty of the Hospital of 
The Rockefeller Institute, Xew York. 
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evidence is consistent with the idea that the inhibitor is, in all probability, a 
mucoprotein. 

Combination between Inhibitor and Virus . — It seemed possible that the in- 
hibitor might prevent hemagglutination in either one of two ways: it could 
block the virus receptors on the RBC, or it could combine with the virus it- 
self. In order to test the first possibility, chicken RBC were suspended in 
normal allantoic fluid for varying periods, then sedimented and resuspended 
in buffered saline. Such treated RBC were found to be agglutinated by both 
infectious and heated virus equally as well as untreated RBC. These results 
indicate that the inhibitor did not combine with virus receptors on the RBC. 
In order to determine whether the inhibitor combined with the virus itself, the 
following experiment was carried out. 

Serial twofold dilutions of normal allantoic fluid were made in duplicate in buffered saline. • 
To each dilution were added 4 units of infectious PR8 and sufficient RBC to yield a concentra- 
tion of 0.25 per cent. To similar duplicate dilutions of normal allantoic fluid were added 4 
units of heated virus and 0.25 per cent RBC. The inhibitor titer with one series of dilutions 
containing infectious virus and one containing heated virus was determined in the usual man- 
ner. In the case of the other two scries the RBC were sedimented immediately after mixing 
by centrifugation at 2,500 R.r.M. for 2 minutes, the supernate from each tube was discarded, 
and the cells were resuspended in a quantity of buffered saline equal to the original volume. In 
every instance the inhibitor titer was determined after 1 hour at room temperature. 

The results obtained from this experiment are shown in Table VIII. It will 
be noted that the inhibitor titer determined against 4 units of infectious virus 
in the usual manner was very low but that with the duplicate titration, in which 
the RBC were sedimented immediately and resuspended in saline, the apparent 
inhibitor titer was 16-fold higher. This indicates that the virus was not sedi- 
mented with the RBC in those tubes which contained sufficient inhibitor. 
When heated virus was used, the inhibitor titer was high in the case of both 
titrations. The results of this experiment suggest that the inhibitor combines 
with the virus itself and thereby prevents adsorption of the virus by RBC; 
that infectious virus is eluted rapidly although incompletely from the in- 
hibitor and is then capable of uniting with RBC; and that heated virus is al- 
most completely incapable of dissocatiing from the inhibitor just as it 
is incapable of dissociating from RBC (19). It seems apparent that once the 
virus-inhibitor reaction has reached equilibrium RBC arc incapable of causing 
the virus to dissociate from inhibitor. If this were not the case, inhibition of 
hemagglutination in the presence of normal allantoic fluid would not be 
demonstrable. 

The, Rate of the Reaction between Virus and Inhibitor . — It was suggested by 
the results obtained in the preceding experiment that influenza virus combined 
with inhibitor and then rapidly although incompletely dissociated from it. In 
order to obtain additional information concerning the reaction between virus 
and inhibitor, the following experiment was carried out. 
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Serial twofold dilutions from 1:2 to 1:16 of virus were made in undiluted normal allantoic 
fluid and immediately placed in a water bath at 37°C. Aliquots of each dilution mixture 
were removed after varying times and immediately heated at 56°C. for 1 hour in order to 
stop the reaction between virus and inhibitor. The hemagglutination titer of each aliquot 
was then determined in the usual manner. The inhibitor titer of each aliquot against 4 units 
of heated virus was also determined after the aliquot had been heated additionally at 70'C. for 
5 minutes in order to completely eliminate the hemagglutinating activity of the virus originally 
present in it. 

The results of this experiment are presented graphically in Fig. 3 in which 
the upper portion (4) shows the virus hemagglutination titers and the lower 
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portion ( B ) the inhibitor titers plotted as logarithms against the tim e of in- 
cubation at 37°C. It will be noted that, when the mixtures of virus in normal 
allantoic fluid were heated at 56°C. for 1 hour immediately after preparation, 
hemagglutination was demonstrable only in the mix ture with the lowest di- 
lution of virus, i.c. 1:2, and then only in very low titer. However, when the 
mixtures were incubated at 37°C. for varying times before heating at 56°C., the 
hemagglutination titer of each mixture increased progressively with time. The 
rate of increase in titer became slower as the ratio of virus to normal allantoic 
fluid decreased, and the maximum titer reached with each mixture was pro- 
gressively lower than would have been expected in terms of the quantity- of 
virus present in the mixture. The inhibitor titers determined with the same 
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mixtures showed that the quantity of demonstrable inhibitor decreased pro- 
gressively as the hemagglutination titer increased, and the inhibitor completely 
disappeared from each mixture at the same time that the hemagglutination 
titer reached a maximum level except with the mixture which originally con- 



Fig. 3. The rate of the reaction between virus and inhibitor. Serial twofold dilutions 
of virus in allantoic fluid were incubated at 37°C. Aliquots were removed after varying 
periods and immediately heated at Sb'C. for i hour. The hemagglutination titer of each 
aliquot is shown in Graph A. The arrows above each curve indicate the level which the 
hemagglutination titer should have reached if all virus had been released from combination 
with inhibitor. The inhibitor titer against 4 units of heated virus, after each aliquot had been 
heated additionally at 70°C. for 5 minutes, is shown in Graph B. 

tained a 1 : 16 dilution of virus. In this mixture there was still a small amount 
of demonstrable inhibitor present when the hemagglutination titer reached a 
maximum level, but even in this instance the inhibitor titer decreased on further 
incubation. These findings provide strong evidence that the virus combines 
with the inhibitor and then dissociates partially from it. They also indicate 
that combination between the virus and the inhibitor takes place very rapidly, 
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and that upon completion of the reaction the inhibitor is no longer demon- 
strable. Furthermore, the results of this experiment indicate that the quantity 
of virus which is capable of dissociating from inhibitor is dependent upon the 
ratio of virus to inhibitor; the lower the ratio, the less virus is released. 

Quantitative Relation between Free and Combined Virus . — Additional infor- 
mation concerning the effect of the virus-inhibitor ratio on the quantity of virus 
capable of remaining combined with inhibitor was obtained in the following 
manner: 

Serial twofold dilutions of infectious virus were made in buffered saline and to each dilution 
was added an equal quantity of normal allantoic fluid. Thus, the i n hibitor concentration in 
the resulting mixtures remained constant while the virus concentration progressively decreased. 
The mixtures were held at room temperature for 30 minutes or longer so as to reach equilib- 
rium. In certain experiments the mixtures were held at 37°C. for as long as 24 hours. The 
hemagglutination titer of each mixture then was determined in the usual manner. The quan- 
tity of virus combined with inhibitor, i.e. the quantity of virus incapable of dissoc i ati n g from 
inhibitor, in each mixture was taken as the difference between the total quantity of virus added 
to the mixture and the quantity of free virus demonstrable by hemagglutination. 

The results obtained in three separate experiments are plotted graphically 
in Fig. 4: curve I was fitted to points which show the logarithm of the quantity 
of virus combined with inhibitor plotted against the logarithm of the total 
quantity of virus added; curve II was fitted to points which show the logarithm 
of the quantity of free virus plotted against the logarithm of the total quantity 
of virus added. It will be noted that as the total amount of virus in the mix- 
tures decreased, i.e. as the ratio of virus to inhibitor decreased, relatively less 
free virus was demonstrable, and a higher proportion of the total virus remained 
combined with inhibitor. Under these circumstances it would be expected 
that curves I and II should diverge from each other as, it will be seen, they do. 
Thus it appears that in the presence of a constant concentration of inhibitor 
the quantity of virus which remains combined at equilibrium is a function of 
the total quantity of virus present in the mixture. In this connection it is of 
importance to recall that with infected allantoic fluids which showed various 
hemagglutination titer levels, i.e. free virus, the quantity of virus which com- 
bined with a constant amount of added inhibitor was directly related to the 
free virus level [cj . Table II). It appears that the reaction between influenza 
virus and inhibitor can be expressed in terms of the usual equilibrium equation: 

r + i*vi (i) 

m which VI represents virus (10 combined with inhibitor (J). It should, 
however, be emphasized that the inhibitor is altered by the virus as is the case 
also with the inhibitor present in normal serum (19).' It was found that in- 
cubation of mixtures of virus and inhibitor at 37 3 C. for periods as long as 24 
hours did not lead to any consistent alteration in the equilibrium; no additional 
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free virus was released from combination after the first few minutes of the 
reaction. 

Inhibitor in Egg While . — Numerous attempts were made to concentrate and 
purify the inhibitor in normal allantoic fluid by a number of procedures with 



Log total virus added 

Fig. 4. The equilibrium between virus and inhibitor. Equal portions of undiluted al- 
lantoic fluid were added to serial twofold dilutions of virus. After 30 minutes at room tem- 
perature the quantity of free virus in each mixture was determined by the hemagglutination 
technique. The quantity of virus combined with inhibitor, curve I, was determined from the 
difference between the total quantity of virus added and the quantity of free virus found, 
curve II. 

veiy little success. This was partially attributable to the very low concen- 
tration of the inhibitor and therefore a richer source derived from the egg was 
sought. It tvas found that egg white in very high dilution was capable of in- 
hibiting hemagglutination: a 0.25 per cent solution of egg white in saline had 
approximately the same inhibitor activity as undiluted normal allantoic fluid. 
The inhibitor in egg white was found to react with influenza virus in the same 
manner as does that in allantoic fluid, and its properties, i.e. heat stability, pH 
stability, sedimentation in the centrifuge, and inactivation by enzymes, were 
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closely similar to those of the inhibitor in allantoic fluid. Therefore, it appeared 
that the two substances were very closely related if not identical. 

Purification of the inhibitor present in egg white was undertaken. 

Ovalbumin, ovomucoid A (ovomucin), and lysozyme, substances fairly readily separated 
from egg white, were found to have little or no inhibitor activity. However, it was found 
that most of the inhibitor could be sedimented with the precipitate which formed when egg 
white was diluted with 3 to 4 volumes of distilled water, or when a solution of egg white in 1 per 
cent saline was brought to 0.3 saturation with ammonium sulfate. Slight purification could 
be obtained with either method by redissolving the precipitate in 1 per cent saline adjusted 
to pH 8.0 and reprecipitating several times as before. However, with each additional pre- 
cipitation the material became increasingly more insoluble. 

The most highly purified preparation of the inhibitor was obtained when 
egg white was fractionated by a cold-alcohol precipitation method adapted 
from that devised by Cohn el al. (20) for fractionating serum proteins. By 
this method most of the inhibitor activity was found in the fraction which was 
precipitated at — 3°C., pH 7.9, and an ethanol concentration of 25 per cent. 
This fraction was extremely difficult to put into solution from the dried state 
even with violent stirring. It was found that the final material in a concen- 
tration of about 0.06 mg. per cc. in 1 per cent saline inhibited the same quantity 
of heated virus as does normal allantoic fluid. On this basis it can be com- 
puted that 1 unit of heated virus should be inhibited by approximately 0.5 pg. 
of the purified material. Chemical analyses on this fraction were not made 
but it was found to give both a positive Molisch reaction for carbohydrate and 
a positive biuret reaction for protein. 

Inhibitor in Infected Allantoic Fluid . — On numerous occasions attempts were 
made to demonstrate the presence of inhibitor in infected allantoic fluid after 
the virus had been either inactivated or removed. The virus was inactivated 
by either heat or treatment with alkaline pH; i.e., 10 or more; it was removed 
from the allantoic fluid by either centrifugation or cold-alcohol precipitation. 
On no occasion was it possible to demonstrate any inhibitor activity whatso- 
ever in infected fluid. In view of the results of the various experiments de- 
scribed above, it would not be expected that inhibitor could be demonstrated 
in infected allantoic fluid. Because of the prolonged opportunity for contact 
with virus during the course of multiplication, it would be anticipated that 
some of the inhibitor should be combined with virus while the remainder, al- 
though dissociated from combination with virus, should be altered as a result 
of viral action. In neither instance could present methods demonstrate the 
presence of the component. 

Bound Virus in Infected Allantoic Fluid .— It is evident from the results of 
preceding experiments that virus bound to inhibitor is unable to agglutinate 
RBC. Ihcrc is, however, no evidence that bound virus is incapable of ad- 
sorption to RBC. Nonetheless, it seemed possible that, if part of the virus in 
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infected allantoic fluid actually were bound to inhibitor, the free virus in the 
fluid might be separated from the bound virus by adsorption onto and elution 
from RBC. If such a separation were accomplished, then free virus alone 
should react differently with added fresh inhibitor than the original infected 
fluid, i.c. more free virus should be bound by fresh inhibitor in the absence of 
bound virus than in its presence because, as is shown above, the total quantity 
of virus which combines with inhibitor is directly related to the ratio of virus 
to inhibitor. However, it was found that virus which had been adsorbed onto 
and eluted from RBC reacted with fresh inhibitor in a manner quantitatively 
identical to that of the original infected fluid. It would appear, therefore, that 
adsorption onto and elution from RBC does not provide evidence of a separation 
of free from bound virus. 

It was found also that there was no significant reduction in the embryo in- 
fectivity titer of virus which had been serially diluted in normal allantoic fluid 
so as to provide a great excess of inhibitor; the 50 per cent embryo infectivity 
titer was 10 -5 - 0 , whereas that of the control was 10“ s ' 5 . This indicates that 
virus bound to inhibitor is equally as infectious for the embryo as is free virus. 
It has been shown (21) that when influenza virus is adsorbed onto RBC from 
infected allantoic fluid, the extent of the decrease in the hemagglutination titer 
is closely paralleled by a decrease in the infectivity titer. This evidence sug- 
gests that bound virus is adsorbed onto RBC to an extent similar to that of 
free virus. If this were not the case, the hemagglutination titer, which is a 
measure of free varus, should be decreased by RBC adsorption to a greater 
extent than the infectivity titer. 


DISCUSSION 

It appears evident from the results obtained in this study that there is in 
normal allantoic fluid a component which is capable of combining with influenza 
virus and that virus which is combined with the component is incapable of 
causing hemagglutination. Wien normal allantoic fluid is added to infected 
allantoic fluid, the inhibiting component present in the former fluid promptly 
combines with the free virus present in the latter fluid. This reaction readies 
equilibrium in a short period of time and the relative proportions of the com- 
ponents whidi enter into it then remain constant so long as their concentrations 
are not changed by the addition of more inhibitor or more virus. Present 
evidence indicates clearly that although some of the virus dissoaates from the 
inhibiting component after combination not all of the virus is released from 
combination and a relatively large proportion remains in stable union with 
the component. As a result of experiments in which the concentrations of 
virus and inhibitor were varied with respect to each other, it was found that 
the quantity of virus which remains combined with a constant amount of in- 
hibitor and obviously also the quantity which dissociates from inhibitor are 
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directly related although not strictly proportional to the quantity of virus 

present in the system. _ i . . 

It is apparent that there is a striking difference between the virus-inhibitor 
reaction and the virus-erythrocyte reaction. The latter reaction appears to 
proceed to completion and all or almost all the virus dissociates from KBC (21). 
The former reaction appears not to go to completion but instead reaches a 
feed equilibrium. Over the range of variables studied the smallest proportion 
of virus which remained combined with inhibitor was at least 50 per cent and 
the largest 100 per cent. Following partial dissociation of the virus-inhibitor 
complexes, the inhibitor which is released is so altered that it can no longer.be 
demonstrated directly by available techniques. In this respect, the reaction 
is analogous to the virus-erythrocyte reaction. It is well established that on 
dissociation of the latter combination the RBC also are altered and do not 
again combine with the virus (21) . It follows directly from these considerations 
that whatever quantity of the inhibiting component may be free in infected 
allantoic fluid would be expected to be similarly altered and not demonstrable 
as a consequence. It will be recalled that all attempts to demonstrate the 
presence of unaltered inhibitor in infected fluid were unsuccessful. It is, of 
course, possible that infected fluid is actually devoid of the inhibiting com- 
ponent and that all which was present at the time infection was initiated was 
not only altered as a result of contact with the virus but actually was destroyed 
or otherwise removed from the allantoic fluid during the course of infection. 
This seems a forced and unlikely assumption, particularly because there is 
evidence which indicates that virus combined with inhibitor is present in in- 
fected fluid. In the light of the quantitative relationship between inhibitor 
concentration and virus concentration it can be shown that, if inhibitor remains 
present and in constant concentration in infected allantoic fluid, proportionately 
more virus should be combined in fluids of low virus concentration than in 
fluids of high virus concentration. Therefore, the addition of fresh inhibitor 
to infected fluids should lead to the binding, i.e. inhibition, of less free virus in 
fluids of low virus concentration than in fluids of high virus concentration. It 
was found that such a relationship can be demonstrated. 

The evidence obtained in this study makes it appear highly probable that 
allantoic fluid infected with influenza virus contains at least three components 
which are in equilibrium: (1) free virus (which is capable of causing hemag- 
glutination), (2) altered inhibitor (which is no longer capable of combining with 
virus), and (3) virus combined with inhibitor. Under these circ ums tances the 
addition of normal allantoic fluid to infected allantoic fluid serves merely to 
upset an existing equilibrium which then promptly becomes reestablished at a 
different level. The increased inhibitor concentration of the system should 
lead to an increase in the amount of bound virus at the expense of free virus. 
The evidence indicates that this occurs. It is important to point out that virus 
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combined with inhibitor appears to be equally as infectious for the chick 
embryo as free virus. 

Many of the characteristics of the hemagglutination reaction with influenza 
virus suggest that erythrocytes are agglutinated as a direct result of their 
combination with virus particles and not because of secondary’ alterations pro- 
duced in the red blood cells. Indeed, Heinmcts (22) in studies on the RBC- 
virus reaction with the electron microscope obtained evidence which suggests 
that virus particles form linkages between erythrocytes and thereby cause them 
to agglutinate. There appear to be adequate reasons for thinking that the 
virus is "divalent" or possibty "multivalent” with respect to red blood cells; 
i.c., a single virus particle can combine with more than one erythrocyte simul- 
taneously. If it is assumed for purposes of simplification that the virus is 
merely divalent, i.c. can combine with but two erythrocytes simultaneously, 
then it is probable that both “valences” should be free or uncombincd if hemag- 
glutination is to occur. In terms of this hypothesis, if one valence were com- 
bined with inhibitor while the other remained free, hemagglutination should 
not occur even though the virus should still be capable of adsorption onto and 
elution from RBC. It seems likely that such a situation may acutally exist 
in infected allantoic fluid and that some of the virus which is combined with 
inhibitor can also unite with erythrocytes. That RBC can adsorb virus par- 
ticles without becoming agglutinated has been shown recently’ (22). In view 
of these considerations it would appear that present procedures for the puri- 
fication of influenza viruses probably do not permit of a complete separation 
of virus particles from combined inhibitor. In this connection, it is of interest 
that Cohen (23) found that highly purified influenza virus preparations ob- 
tained from infected allantoic fluid contained a considerable amount of anti- 
genic material characteristic of the host. Knight (24) obtained similar results 
with highly purified preparations from both allantoic fluid and mouse lung 
suspensions and expressed the opinion that host material was incorporated into 
the virus particle itself. Tiie results of the present study’ suggest that the host 
component, i.c. inhibitor, is bound to the surface of the virus particle as a 
result of a definite reaction and is, in all probability’, not an essential constituent 
of the virus. 

On the basis of chemical analyses Knight (25) concluded that the virus 
particles contain a polysaccharide in addition to other substances. He also 
found an appreciable amount of glucosamine in sedimentable material from 
normal allantoic fluid and suggested that the amount of host material in purified 
virus-containing particles could be ascertained from their glucosamine content. 
Inasmuch as the results obtained in the present study indicate that the in- 
hibitor present in allantoic fluid is probably’ a mucoprotein which is capable of 
forming a stable combination with the virus, it would appear that a simple 
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explanation may be offered for some of the results previously obtained in im- 
munological and chemical studies on purified preparations. 

The presence of virus- inhi bitor complexes in infected allantoic fluid may 
have consequences of both practical and theoretical significance. Mention has 
been made of the difficulties of separating free virus from bound virus either 
in the centrifuge or by adsorption and elution from RBC. Because hemag-. 
glutination titrations serve to measure free virus, but not virus bound by in- 
hibitor, they may not reflect accurately the total concentration of virus in an 
infected allantoic fluid. Moreover, if different strains of virus react in quanti- 
tatively different manners with inhibitor, an inconstant ratio between infec- 
tivity and hemagglutination titers might be anticipated. It is well known 
that freshly recovered strains may give very peculiar and irregular results both 
in hemagglutination and in hemagglutination-inhibition titrations in the pres- 
ence of immune serum. It seems probable that certain of the unusual reactions 
obtained with such strains may be attributable to the presence of virus-inhibitor 
complexes. 


SUMMARY 

Evidence is presented which shows that there is a component present in 
normal allantoic fluid, probably mucoprotein in nature, capable of combining 
with influenza A virus (PR8), and that following combination between this 
component and the virus only partial dissociation of the complex occurs. 
Evidence is also presented which strongly suggests that the component is pres- 
ent in virus-infected allantoic fluid in which it is in part combined with the 
virus and in part free although altered by viral action. The probability 
that the component is present as well in highly purified preparations of influenza 
virus, and its effect upon various reactions obtained with this agent 
are discussed. 

Addendum. In a recent paper Lanm and Beard 5 reported that egg white is 
highly effective in inhibiting hemagglutination by heated swine influenza virus and 
suggested that this capacity is attributable to a component which combines with 
the virus. 
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One highly p uzz ling aspect of the phenomenon of the delayed hypersensitivity 
of infection, namely, the necessity for the presence of the entire organism in the 
tissues in order that the hypersensitive state be induced, has been dealt with in 
previous publications in relation to tuberculosis (1, 2). Although it is well 
known in the case of the tubercle bacillus that the protein of the organism is 
the . antigenic component responsible for the hypersensitive state, this sub- 
stance in isolated form is powerless to bring about the typical hypersensitivity 
which follows either infection or the injection of killed bacterial cells, and this - 
despite the well established antigenic properties of such protein. It was demon- 
strated that the protein could become effective if at the same time the animal 
received another component of the bacillus; i.e ., the waxy lipid extractable with 
chloroform (3). A series of criteria established that the hypersensitive state 
so induced fulfills in all particulars that which follows on the heels of tuber- 
culous infection. 

In work of this nature, a point of confusion may arise from the failure to 
distinguish — in the mind of the investigator as well as in the inductive pro- 
cedures employed— the nature of delayed hypersensitivity and the basic differ- 
ences segregating it from hypersensitivity of the immediate type, including 
anaphylaxis, Arthus reactivity, and the human “atopic” states. Briefly stated, 
the differences are these: 

1. Immediate hypersensitive reactions follow exposure to antigen within 
seconds or minutes. Delayed reactions require hours and progress relatively 
slowly. 

2. In immediate hypersensitivity a demonstrable humoral antibody is in- 
volved, since this will transfer the state to normal recipients. In delayed re- 
activity no antibody has ever been demonstrated; the only successful attempts 
to transfer the state have been those employing cells obtained, for example, 
from an induced peritoneal exudate (4-S). 

_ work has been supported by grants from the National Tuberculosis Association, the 

California Tuberculosis and Health Association, and the Alameda Countv Tuberculosis and 
Health Association. 


4S5 



4S6 TUBERCLE BACILLUS WAX AND DELAYED HYPERSENSITIVITY 

3. In immediate hypersensitivity certain types of tissue, preeminently 
smooth muscle and vascular endothelium, are susceptible to the effects of 
antigen-antibody union. This susceptibility is revealed by contraction in the 
first instance, and by increased vascular permeability or even damage extending 
to thrombosis and rupture of vessels in the second. In delayed hypersensitivity 
all varieties of cells become directly susceptible to tire action of antigen, pre- 
sumably because of their content of some immunologically induced change 
analogous to antibody, although the nature of this change has never been 
directly revealed. Such cells may undergo damage extending to necrosis on 
contact with antigen even when growing in culture in a medium containing no 
antibody. 

As a consequence of the observations on tuberculous hypersensitivity, 
thoughts of a more general nature suggested themselves, and with one we arc 
concerned here. If a particular lipid of the tubercle bacillus can exert its 
effect with an antigen — tire tuberculoprotcin — from the same organism, it 
might also cause a similar effect with other, non-rclated antigens. The present 
work comprised such a study with a simple antigenic substance, picryl chloride. 

Picryl chloride was chosen because it serves as a good example of a simple 
chemical hapten capable of spontaneous combination with protein and con- 
version to complete antigenic form after injection into the tissues (9-11). In 
addition, Landsteiner and Chase (12, 13), Gell and coworkers (11), and Chase 
(14) have provided an extensive immunological characterization of this sub- 
stance, including the serological and hypersensitive manifestations to it under 
different conditions. The immunological facts established have been these: 
that picryl chloride is antigenic when administered by any parenteral route, 
inducing antibodies and anaphylactic (immediate) hypersensitivity. If, how- 
ever, it gains entrance into the body via the skin, either by applications to the 
surface or by intracutaneous injection, there is established in addition a state 
of delayed reactivity to the substance so that future application to the skin 
results in a typical contact dermatitis, developing slowly and with no resem- 
blance to an Arthus phenomenon. This state has been shown to be independent 
of the simultaneous existence of humoral antibodies and anaphylactic re- 
activit 3 r , for Landsteiner and Chase (12) have desensitized to the latter and 
demonstrated that the delayed contact reactivity remains. It is essential for 
the induction of the contact reactivity that the drug gain access to the body 
by way of the skin. 

Now this description of events under ordinary conditions of sensitization 
with picryl chloride becomes altered when special circumstances are introduced. 
Thus, Landsteiner and Chase (15) showed several years ago that if killed 
tubercle bacilli were injected along with picryl chloride in an oil menstruum 
hitrapcriloneally, guinea pigs developed delayed reactivity to the chemical. 
This work was in fact a specialized extension of earlier observations concerning 
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a change in the type of hypersensitive response following injection of various 
antigenic substances into tuberculous lesions (Dienes and Schoenheit (16-19), 
Hanks (20)), as well as lesions induced with killed tubercle bacilli (19, 21). 
Later similar observations were made with killed bacilli mixed with antigens 
(19, 21-26). 

A s umma ry of these various observations and their mutual relationships is 
in essence as follows: — 

(a) The isolated protein antigen of the tubercle bacillus cannot induce tuber- 
culin hypersensitivity' as can the entire organism. 

(b) The wax component of the bacillus when administered with the protein 
causes the delayed tuberculin response. 

(c) Picryl chloride induces delayed hypersensitivity only when administered 
through the skin, but if tubercle bacilli are injected along with picryl chloride 
by another route (intraperitoneahy) a delayed hypersensitive responsiveness 
to the chemical ensues. 

From these facts the consequence appears probable that the wax of the 
tubercle bacillus may determine the delayed type of response to picryl chloride 
equally as well as it determines this kind of response to tuberculoprotein. 
Such a demonstration may provide the beginning of a chemical basis for 
generalization concerning the factors determining the occurrence of delayed 
hypersensitivity. 

EXPERIMENTAL 

Picryl chloride (Eastman Kodak Company) was purified by several recrystallizations from a 
benzene-alcohol mixture. Picrylated serum antigen was prepared from guinea pig serum by 
the method of Landsteincr and Chase (12). Purified wax of the tubercle bacillus was ob- 
tained from H37Rv organisms, employing the chemical procedures of Anderson (3). The 
repeated ultrafiltrations and ultracentrifugations carried out in order to free the lipid of 
residual bacillary bodies are described in detail in a preceding report (2). 

Preparations of Picryl Chloride for Injections . — When injections were made in saline as the 
vehicle, a solution of 15 mg. of picryl chloride per ml. in absolute alcohol was added drop by 
drop to the saline to a final concentration of 0.5 mg. per ml. 

For intracutancous injections, 0.10 ml. of a solution containing 0.0025 mg. of picTyl chloride 
was employed. 

For subcutaneous injections, 0.4 ml. containing 0.20 mg. of picryl chloride was used. 
For intrapcritoncal injections, 1.0 ml. containing 0.50 mg. of picryl chloride was used. 
Picryl chloride in watcr-in-oil emulsion was prepared by the method of Freund (22). To 
0.4 ml. of melted aquaphor, 0.4 ml. of warm saline was added drop by drop, mixing continu- 
ously with a pestle. To this mixture was added 4.0 mg. of solid picryl chloride. Then 1.2 
ml. of warm paraffin oil was mixed in and the whole thoroughly emulsified in a mortar. The 
intrapcritoncal dose consisted of 0.25 ml. of emulsion containing 0.5 mg. of picryl chloride. 

For skin applications, a 1.5 per cent solution of picryl chloride in olive oil was cmploved. 
One drop was applied to the shaved skin and spread over an area of about 2.5 cm. with a 
glass rod. Each application thus consisted of about 1.0 mg. of the chemical. 

The intrapcritoncal injection of picryl chloride and wax was carried out as follows:— 5 
mg. of wax in emulsion in 0.5 ml. of distilled water was first injected. Following this, an in- 
jection was made oi 0.5 mg. of picryl chloride in 1.0 ml. of saline. 
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In all injections made beyond the integument, precautions were observed to guard against 
contamination of the skin by the picrvl chloride (15). A 1.0 cm. slit was made in the skin of 
the flank. The skin edges were retracted, and the picryl chloride preparation was introduced 
subcutaneously or intraperitoneally through a clean 26 gauge needle. After withdrawal, 
the wound was blotted with jwtrolcum ether followed by alcohol, and 10 per cent thymol 
iodide in paraffin oil was applied. 

Cutaneous Tests . — Contact tests were carried out by application to the shaved skin of the 
flank or the abdomen of the same 1.5 per cent solution of picryl chloride in olive oil used for 
the sensitizing inunctions. 

Intracutancous testing consisted of the injection of 0.05 mg. of picryl chloride in 0.1 ml. 
of saline. This substance induced some irritation, but not sufficient to interfere with readings- 
Later, picryl scrum was employed for this purpose with avoidance of much of the local toxicity. 

RESULTS 

I. Induction of Delayed Cutaneous Hypersensitivity to Picryl Chloride by 
Concomitant Use of the I Fax of the Tubercle Bacillus. — Groups of guinea pigs 
have been treated with picryl chloride under various circumstances in order to 
establish a comparative basis for assessing the r61e of the wax of the tubercle 
badlius in modifying the allergic response. 

In order to reproduce the observation that inunction or injection of the 
chemical into the skin may eventuate in delayed contact hypersensitivity, the 
following groups were run: 

Group I . — Picryl chloride in olive oil applied to the skin. 

Group 2 . — Picryl chloride in saline injected intradcrmally. 

In addition, in order to confirm the observation that administration of the substance by 
non-dermal routes will not result in contact hypersensitivity, two other groups of guinea pigs 
were employed: 

Group 3 . — Picryl chloride in saline subcutaneously. 

Group 4 . — Picryl chloride in saline intraperitoneally. 

Further, it was desirable to determine whether an immunologic adjuvant might be cap- 
able of causing the drug to induce delayed hypersensitivity following non-dermal adminis- 
tration: 

Group 5 . — Picryl chloride in watcr-in-oil emulsion intraperitoneally. 

The last group served to test the ability of the purified wax of the human tubercle bacillus 
to modify the response to picryl chloride in the direction of delayed contact hypersensitivity: 

Group 6 . — Picryl chloride plus tubercle bacillary wax intraperitoneally. 

In the latter four groups of animals where a non-dermal injection route was employed, 
precautions to avoid skin contamination by the chemical were followed, as described earlier 

The results of subsequent contact and intradermal tests in these six groups 
of animals were entirely unequivocal. Representative data are shown in 
Table I. Among the first five groups indications of very moderate hyper- 
sensitivity to contact and intradermal application of picryl chloride were seen 
only in groups 1 and 2, those which had been treated by the dermal route and 
for prolonged periods of time. Only three of fourteen animals responded; the 
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TABLE I 

Delayed Contact and lniracuiantous Responses to Picryl Chloride in Guinea Pigs Sensitised by 

Various Methods 



1 

Ko. 

of 

am- 

No. of 

Time 

after 

last 

No.of 

Average results of skip tests 

Group 

Mi.im.ii.il 

sensi- 

tizing 

ani- 

mats 

Contact* j 

Intracutaneous* 



rnftl.s 

meats 

meat 

tive 

24 hrs. 

4Shrs. 

24 his. 

4Shrs. 

1 

PCI applied to 

8 

31-38 

days 

10 

2 

3.15 + 

3.04 + 

11.8 1.5 

9.3 1.2 

2 

skin 

PCI intracutane- 

6 

26 

10 

1 

0.10 cfc 

0 

13.8 1.6 

10.8 1.4 

3 

ously 

PCI subcutane- 

5 

4 

13 

0 

0 

0 

10.6 1.3 

i 

8.2 1.0 

4 

ously 

PCI intraperito- 

5 

4 

1 

17 

0 

0 

0 

11.5 1.5 

9.5 1.0 

S 

neally 

PCI + water-in- 

• 8 

2-4 

17 

0 

0 

0 

10.6 1.0 

8.6 1.0 

6 

oil intraperito 
neally 

PCI + T.B. ra 

r 15 

1 

13 

13 

2.5 4+ 

2.0 4+ 

21.7 2.1 

18.0 1.8 


intraperitoneallj 

Controls 

r 

12 

0 

0 

0 

0 

0 

9.7 14 

l 8.0 1.2 


All groups except 6 received additional picryl chloride through periodic skin testing by 
application and intracutaneous injection. Thus, even groups 3 and 4 received some dermal 
stimulus (four contact and three intracutaneous tests) before the results recorded above 
were observed. This amount of skin application did not suffice to induce cutaneous reac- 
tivity. 

* Contact test readings: The first figure indicates the thickness in millimeters of the in- 
durated skin above the level of surrounding normal skin. The second symbol indicates degree 
of erythema, 4+ being maximum. 

J Intracutaneous test readings: The first figure is average diameter, the second estimated 
height of the reaction, both in millimeters. 

reactions were weak and irregular, but discernible. 1 In groups 3, 4, and 5, in 
which subcutaneous and intraperitoneal administration had been employed, 

1 These results have been much more moderate than those described in similarly treated 
piinea pigs by Landstciner and Chase, and in communications from Dr. Chase. We can only 
infer a difference in guinea pig stocks. For our present purpose the very modest results of 
sensitization by the cutaneous route have by contrast empbarixed the mar ked sensitivity 
established by the addition of wax with another avenue of injection. 
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in the last instance with admixture of an oily adjuvant, there was at no time any 
indication of the development of such responsiveness in a total of eighteen 
guinea pigs. In sharp contrast to these results it was found that thirteen of 
fifteen animals of group 6, after only one injection of picryl chloride with 
tubercle bacillary wax intraperitoncally, developed marked delayed sensitivity 
to subsequent contact or inlradcrmal tests with the chemical. The contact 
sites were intensely erythematous and in most instances the skin was elevated 
by induration to 3 mm. Intracutaneous test sites showed the slow develop- 
ment and general characteristics of tuberculin reactions, and in six of the in- 
stances listed in the table these were accompanied by central necrosis. Two 
of these animals failed to react (these negative results arc included in the aver- 
ages given in the table), and one of these likewise failed after a second injection. 

The figures listed in the table fail to convey adequately the differences 
among the groups described. Wax-treated animals 24 hours after testing could 
be recognized at a glance. These reactions are illustrated in color in Figs. 1 
and 2. 

It was found that the level of reactivity of the wax-treated animals was not 
intensified by more injections, to a total of three. The hypersensitive state 
is persistent once established, for five reactive animals tested at 164 days after 
a single sensitizing injection showed contact and intracutaneous reactions of 
the same degree as those seen at 13 days after the sensitizing treatment. 

2. Characterization of the Delayed Hypersensitivity Induced by Picryl Chloride 
Plus Wax. — The delayed contact reactivity established by the use of tubercle 
baciliary wax with picryl chloride is of high degree and appears to depend upon 
a specific qualitative effect of the wax rather than a simple adjuvant activity, 
as indicated by the failure of water-in-oil emulsion to cause the same responsive- 
ness to the antigen. 

It was of interest now to characterize the delayed hypersensitivity per sc and 
also in relation to other immunologic responses of the animal, particularly anti- 
body production and anaphylactic reactivity. The delayed hypersensitive 
reaction should bear no relationship either to humoral antibody occurrence or 
level, or to immediate hypersensitivity of an anaphylactic or Arthus nature. 

(a) Chronological Development of the Delayed Cutaneous Reaction. — It should 
be said at the outset that we have never observed a cutaneous reaction of the 
Arthus type in any of the animals listed in Table I, even though repeated tests 
were made at intervals after succeeding injections or applications. These 
animals cither showed delayed responses to contact and intracutaneous injec- 
tion of the picryl chloride, or no response at all to either test. Wien the re- 
actions were positive, they showed the chronological development characteristic 
of the tuberculin type of reaction. This is portrayed in Text-fig. 1, in which 
tire upper row of blocks respresents the average development of contact re- 
sponses in five guinea pigs sensitized by one intraperitoneal injection of picryl 
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chloride with wax 90 days earlier. At 6 hours, two of the five animals showed 
a faint be ginnin g erythema and induration. Full development of the reaction 
was seen in all guinea pigs at 24 hours. The lower blocks depict simultaneous 
intracutaneous tests carried out on the opposite flanks of the same animals. 
Since picryl chl oride is moderately irritating to normal tissues, the average 
reactions of three control animals similarly tested are shown also. In the 
wax-treated a nim als the intracutaneous responses parallel the contact tests 


t- 



13 6 2 « <0 


HOURS 


Text-Fig. I. Timed readings of contact and intracutaneous tests -with picryl chloride. 

Upper. Contact tests in guinea pigs sensitized with picryl chloride plus tubercle bacillary 
wax. Height of block indicates thickness of induration in millimeters. 

Lower. Intracutaneous tests in the same group of animals. Height of block represents 
diameter of reaction in millimeters, the width represents thickness of induration. 

Black boxes indicate results seen in normal animals due to the irritative activity of picryl 
chloride. 

in their development; at 6 hours there is hardly a significant indication of 
incipient reaction, while at 24 hours this is marked, at a time when the traumatic 
response in control animals has subsided. In both contact and intracutaneous 
responses there is seen to be some diminution at 48 hours. This was a rather 
regular but not invariable occurrence, and has been noted by us also in tuber- 
culin tests in guinea pigs. 

The absence of significant reactivity in the animals of the groups other than 
those treated with wax could be related to a failure of the picryl chloride to 
act as an effective antigen. That this was not the case is illustrated in Table 
II and discussed in the following section. 




TABLE n 


Con elation of Serological Responses with Delayed Cutaneous Reactivity to Pieryl Chloride 


Group 

Sens! tiring treatment 

Guinea 
pig No. 

No. ot 
treatments 

> Time 
since last 
treatment 

Comple- 
ment fira- 
lion titer 

21 hr. 
contact 
test 





days 



i 

PCI applied to skin 

C-GO 

31 

10 

0 

0 



C-64 

31 

10 

16 

0 



C-65 

31 

10 

16 

0 



D-Sl 

24 

9 

8 

0 



D-S5 

24 

10 

0 

0.3 ± 



D-SS 

24 

9 

1 

0 

2 

PCI intracutancously 

E-S6 

20 

15 

16 

0 



E-S7 

20 

15 

8 

0 



E-91 

20 

15 

16 

0 

3 

1 PCI subcutaneously 

C-GG 

3 

14 

4 

0 



C-GS 

3 

14 

S 

0 


i 

C-70 

3 

14 

0 

0 



C-71 

3 

14 

32 

0 



C-73 

3 

14 

16 

0 

4 

PCI intmpcritoncally 

C-26 

2 

46 

16 

0 



C-27 

3 

! 

4 

0 



C-2S 

3 

14 

16 | 

0 

5 

PCI + watcr-in-oil intra- 

C-SS 

3 

13 


0 



C-5S 

3 

13 


0 


pcritoneally 

C-89 

3 

13 


0 



C-90 

3 

13 

16 

0 



D-49 

2 

13 

1 

0 



D-53 

2 

13 

0 

0 



D-56 

2 

13 

0 

0 

6 

PCI + T.B. wax intraperi- 

C-29 

2 

39 


3.0 + 


toneally 

C-33 

3 

14 


1.5 + 



D-48 

2 

14 


1.0 + 



D-GS 

1 

26 

4 

2.5 + 



F- S 

1 

14 

1 

2.5 + 



F- 6 

1 

14 

1 

1.0 db 



F- 7 

1 

13 

8 

4.0 + 



F- 8 

1 

13 

32 

1.0 ± 



F~ 9 

1 

13 

8 

0 




1 

13 

32 

4.0 4* 


Controls 

N- 1 

0 


0 

0 



N- 2 

0 


0 

0 



N- 3 

0 


0 

0 



N- 4 

0 


0 

0 



N- 5 

0 


0 

0 



N- 6 

0 


0 

0 
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(6) Lack of Relationship of Delayed Cutaneous Reactivity to Humoral Anti- 
body .' — It is recognized that Arthus reactivity in its occurrence and intensity is 
directly related to the level of circulating antibody (27-31), while delayed hy- 
persensitive responses are entirely independent of humoral antibody. It was 
therefore desirable to determine whether the cutaneous reactions described here 
could be dissociated from humoral antibody in the picryl chloride-wax-treated 
animals. In addition, it was necessary to know that animals in those groups 
without skin reactivity had, nevertheless, received an immunologic stimulus 
from the picryl chloride applied or injected. Sera from animals of all groups 
were titrated against picrylated serum by the complement fixation method. 
On the day previous to bleeding all animals received contact skin tests. The 
correlated results of these antibody and skin tests are shown in Table II. 
Most of the animals in all groups responded to picryl chloride with the elabora- 
tion of antibody, but at the time of these tests only the animals of group 6, 
sensitized with pircyl chloride plus wax, showed significant contact reactivity 
of the skin. Yet this group of guinea pigs did not produce significantly greater 
amounts of measurable antibody than did those which failed to develop skin 
reactivity. Furthermore, within this group there is no correlation of intensity 
of skin response with titer in any individual instance. It may be concluded, 
therefore, that the cutaneous reactivity induced by picryl chloride plus wax 
is independent of humoral antibody, that the failure of picryl chloride, in other 
combinations and by other routes, to induce such sensitivity was not due to 
a lack of antigenic activity of this substance, and finally that the wax, whatever 
its effect may be, does not act as an immunologic adjuvant in intensifying 
immunologic responses as judged by antibody titers. The last conclusion was 
arrived at from experiments with tuberculoprotein antigen (2) and with egg 
albumin (32) also. 

(c) Lack of Relationship of Delayed Cutaneous Reactivity to Anaphylactic 
Reactivity . — In order further to demonstrate that the reactivity observed in the 
picryl chloride-wax-treated animals is delayed in character, an experiment was 
carried out to dissociate this reactivity from anaphylaxis. Landst ein er and 
Chase (12) have shown that guinea pigs with simultaneous reactivities can be 
desensitized more readily to the anaphylactic type, so that the delayed cu- 
taneous form remains intact. 

A descnsitization experiment Teas carried out as follows: — 

Guinea pigsof all groups were skin tested by the contactand intradermal methods. Twenty- 
four hours later, part of each group received 0.25 ml. (containing 4.6 mg. dry residue weight) 
of picrjlatcd scrum subcutaneously in the dorsal nuchal area, a second injection 4 hours 
later into the dorsal lumbar area, a third 3 hours later into the sacral area, and a fourth the 
next morning in the dorsal thoradc region. The four injections, totaling 18.4 mg. of mate- 
rial, were completed in a period of 24 hours. Several hours after completion of the desensitiz- 
ing injections all animals were again skin tested by the contact and intracutaneous methods. 
On the following day the 24 hour skin reactions were read and intravenous tests (saphenous 
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vein) for anaphylaxis were carried out by the injection of 1 ml. (18.S mg.) of picrylatcd scrum. 
The results arc shown in Table III. 

The experiment was carried out sufficiently long after the Last sensitizing 
injections so that spontaneous loss of anaphylactic sensitivity had probably oc- 
curred in some of the animals. Previous observers (12) have indicated that 
anaphylactic sensitization to picryl chloride may diminish considerably by the 
5th week after a sensitizing injection. Whether desensitization was spon- 
taneous or induced by the procedure employed is of no consequence to the 
essential points which emerge from this experiment, however. Spontaneously 
or experimentally desensitized animals exhibited well developed cutaneous 
reactivity in the absence of any indication of anaphylactic responsiveness. 
Conversely undesensitized guinea pigs without cutaneous reactivity showed 
anaphylactic shock. The independence of the two types of hypersensitive 
response to the same antigen is thus evident. 

(d) Failure of Scrum lo Transfer the Delayed Cutaneous Reactivity Passively . — 
The well known inability of serum to convey delayed hypersensitivity to normal 
recipient animals is one of the basic features distinguishing this from the hyper- 
sensitivities of the immediate type. Chase (14) has recently indicated the 
most favorable circumstances for the transfer of the immediate form of re- 
activity. In the present experiment the various factors were so arranged as 
to provide such circumstances. 

Well nourished albino guinea pigs weighing between 350 and *100 gm. were employed as 
recipients. Into the skin of one flank of each animal 0.2 ml. of a test scrum was injected. The 
same quantity of another test scrum was injected in the opposite flank. Each serum was given 
to two guinea pigs. Thus, each animal received two different sera, and cadi scrum was tested 
in two different animals. Forty-eight hours later all animals received 2 mg. of picryl chloride 
in 0.5 ml. of olive oil subcutaneously in tire ventral abdominal region. Readings of the scrum 
injection sites were made at 15 minutes and at 1, 2, 3, 6, and 24 hours after injection of antigen. 
The summarized results of these tests are shown in Table IV along with the cutaneous reac- 
tivities of the donor animals at the time of serum collection and tire titers of these sera in 
complement fixation tests. 

As lias been mentioned earlier, no clear cut evidence of Arthus reactivity has 
been obtained in any of our groups of animals, and it is therefore not surprising 
that such reactivity was only an occasional occurrence in the transfer test 
guinea pigs. The figures set forth in the table indicate the infrequency of such 
reactions, and furthermore show that: 

(a) All passive reactions occurred early; none persisted to 24 hours, a time 
when the delayed cutaneous reaction reaches its apex. 

( b ) The transfer of the immediate form of reactivity bears no relationship to 
the occurrence of delayed cutaneous reactivity in the donor animals, either 
with regard to groups or in individual cases. 

(c) There was no relationship between the complement fixation titer of a 



SIDNEY KAEEEL AND JOHN E. EORNEY 


495 


TABLE m 

Dissociation of Delayed Cutaneous from Anaphylactic Hypersensitivity by Desensiiization 




No. of 
injections 
or appli- 
cations 


Contact 1 

Contact 


Group 

Guinea 
pig No. 

Time i 
since last 

test* 1 
before 

test* 

after 

Anapby- 

lacticj 

treatment j 

i 

deseusiti- ! 
zation 1 

desensiti- 

zation 

reaction 


Desensitized 





days 




6. PCI plus wax intraperitoneally 

F- 7 

1 

162 

1.0 4- 

2.0 -f 

0 

tt a it a 

F- 8 

1 

162 

0.5 -b 

0.3 4- 

0 

a tt tt ft 

F-10 

1 

162 

3.0 4- 

2.0 -f 

0 

2. PCI intracutaneously 

E-87 

26 

82 

0.5 -r 

0.3 ± 

0 

« CC 

E-91 

26 

82 

0 

0 

0 

5. PCI in water-oil intraperi- 

C-S8 

4 

89 

0 

0 

0 

toneally 

PCI in water-oil intraperi- 1 

C-S8 

4 

89 

0 

0 

0 

toneally 

PCI in water-oil intraperi- 

C-90 

4 

89 

0 

0 

0 

toneally 


> 






Not desensitized 


6. PCI plus wax intraperitoneally 

F- 5 

1 

162 

2.0 + 

2.0 4- 

44- 

2. PCI intracutaneously 

E-90 

26 

82 

0.3 -f 

0.5 — 

44- 

1. PCI on skin 

E-62 

25 

82 

0 zb 

0 ± 

0 

It tt tt 

E-63 

25 

82 

0 i 

0 i 

0 

tt It tt 

D-5S 

31 

82 

0 

0 

0 

tt tt tt 

E-61 

25 

82 

0 

0 

0 

4. PCI intraperitoneally 

C-28 

4 

89 

0 

0 

34- 

5. PCI in water-oil intraperi- 

D-49 

4 

89 

0 

0 

44- 

toneally 







PCI in water-oil intraperi- 

D-53 

3 

89 

0 

0 

0 

toneally 







2. PCI intracutaneously 

E-93 

26 

82 

0 

0 

24- 

3. PCI subcutaneously 

C-73 

4 

89 

0 

0 

0 

6. PCI plus wax intraperitoneally 

F- 6 

1 

162 

0 

0 

0 

it tt tt tt 

F- 9 

1 

162 

0 

0 

0 

Normal controls 


| N-ll§ 

| _ 

l - 

0 

0 

0 


! N-12§ 

j 

i - 

0 

0 

0 


N-13§ 

i 

» 

0 

0 

0 


' C-14 

1 - 

i - 

0 

0 

0 


! B-S5 

i ~ 

i 

0 

0 

0 


* 24 hour tendings. 

1 4-f indicates acute anaphylactic death. 

§ These normal animals were subjected to the desensitization procedure. 
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scrum and the transfer of immediate hypersensitivity in any individual ease. 

The central point is the failure of animals with well developed delayed cu- 
taneous reactivity to picryl chloride to transfer this passively via scrum. 

3. Conditions Governing the- Activity of Tubercle Bacillary Wax in Its “ Direc- 
tive ” Rfdc in Hypersensitivity. — It would be of much interest to define the cir- 
cumstances under which wax may act in the capacity described, and the mech- 
anism of its activity. Dienes in his earlier observations on the injection of 

TABLE IV 


Passive Transfer Tests 


Group 

No.© r 

guinea 
pigs in 
group 

No. of 
injec- 
tions or 

Time 

since 

list 

Positive 
stin re- 
lictions 
at time 
ot 

bleedins 

Positive 

comple- 

ment- 

fixing 

anti- 

bodies 

Positive transfer sites at* 

appiica* 

lions 

treat- 

ment 

1 hr. 

3hrs. 

6 lira. 

21 brs. 

i 

PCI applied to skin 



iayt 







is 

18-31 

li 

10-15 

0/15 

13/15 


3/30 

2/30 


PCI intracutanc- 
ously 

3 

PCI subcutaneously 
a 

3 

20 

15 

0/3 

3/3 

0/6 

; 

i 

1/6 


0/6 

3 

3 

14 

0/3 

2/3 


0/6 

0/6 


PCI intraperito- 

3 

3 

I 

14 

0/3 

3/3 

0/6 


0/6 

0/6 

n rally 

s 



i 







PCI in water-oil in- 

a 

3 

13 

0/7 

5/7 

2/14 

2/14 

1/14 


traperitoncally 

A 

II 




: 





PCI plus wax intra- 


1-3 

14 

8/9 

9/9 

1/18 

1/18 

2/18 


pcritoncally 
Normal animals 

■ 

B 

B 

0/3 


0/6 

0/6 

0/6 

0/6 


* Numerator indicates positive reactions, denominator total tests (two tests for each 
scrum). 


various antigenic substances into tuberculous guinea pigs (18) found that ad- 
ministration of the antigens directly into foci of infection was most favorable if 
not essential for the development of altered hypersensitive reactions. It seems 
dubious that tire tuberculous cellular response in such areas was the essential 
determinant, since Hanks (20) found that if infection were initiated in the 
testicle, egg albumin injected into the area within 18 hours, and the testicle 
removed 6 to 12 hours later, altered reactivity to the antigen eventuated. 

In the work reported here, picryl chloride and wax were injected into the 
peritoneal cavity in succession, so that these were in intimate contact within 
the limits permitted by a cavity of this surface area, and by the volumes of 
fluid injected (wax in 0.5 ml., picryl chloride in 1.0 ml.). We have thus far 
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made only tentative attempts to delimit the conditions under which the role of 
wax can be exercised, and so far as these go they indicate that this substance 
and antigen must be in rather close proximity in the tissues in order for the 
effect to become apparent. Preliminary experiments in this connection are the 
following: 

(a) Six guinea pigs were treated by four daily applications of picryl chloride 
in olive oil to the skin. The day following the last application, 5 mg. of wax was 
given intraperitoneally to each animal, and on subsequent days fourteen more 
applications of picryl chloride were made to the skin. After a pause of 10 
weeks, a series of seven more applications was made. The results of this treat- 
ment were negative. This contrasts sharply with the result of the same single 
dose of wax along with picryl chloride, both into the peritoneal cavity. 

(b) Six guinea pigs were treated by daily application of picryl chloride and 
wax in olive oil to the skin. The picryl chloride was present in a concentration 
of 15 mg. per ml., the wax 10 mg. per ml. The one drop employed for each 
application contained approximately 0.75 mg. of picryl chloride and 0.5 mg. of 
wax. After twenty-four daily inunctions, these animals showed in two instan- 
ces very mild contact reactions, a result similar to that following treatment of 
the skin with picryl chloride alone. Since application of wax to the skin pro- 
duced no visible response in this tissue, it might be inferred that a cellular 
response to this material is of some importance in determining the kind of hy- 
persensitive reactivity set up in the body. On the other hand, the failure may 
be due to impermeability of guinea pig skin to the wax molecules. 

(c) Six guinea pigs which had been infected with virulent human bacilli by 
the subcutaneous and intracutaneous routes in the left inguinal area 4 weeks 
earlier, and which showed only beginning dissemination of the disease as judged 
by autopsies of similarly infected animals, were treated by eight daily appli- 
cations of picryl chloride to the skin. The last application resulted in the de- 
velopment of good contact responses in all animals. On retest 2 weeks later 
the responses were much diminished, but again unanimous. This suggests 
that the distribution of bacilli, and consequently of wax, more widely through 
the body as the result of generalized infection may serve as a conditioner for 
the development of altered reactivity to antigen no matter where it gains access 
to the tissues. 

This experiment, as well as the early experiences of Dienes and others (16-21) 
with injections of antigens into tuberculous animals, leads to a consideration 
of “heteroallergic” phenomena in tuberculosis. Weissfeiler (33), Higginbotham 
(34), and others have observed the reactions of tuberculous guinea pigs to 
cutaneous injections of E. coli, Staphylococcus aureus, Brucella suis, diph- 
theroids, Actiuo/nyccs, and Sarcinas. Such responses appear to have the 
characteristics of the Koch phenomenon. Rich (35) has described a patient 
dying of staphylococcic septicemia; at autopsy, about the periphery of a fibro- 
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caseous tuberculous pulmonary' lesion, a hemorrhagic reaction to the staphylo- 
coccus was found. It seems a possibility that such phenomena may be ex- 
plicable not as “heteroallergic” responses on an immunologically non-specific 
basis, but as the result of the marked tendency of the wax portion of the tubercle 
bacillus to cause tissues to respond with tuberculin-type reactions to various 
antigenic substances. In the present paper this is exemplified by the use of 
picryl chloride. 


DISCUSSION 

Picryl chloride is a substance which, although antigenic to the animal body 
by any parenteral route, induces delayed hypersensitivity only when it gains 
entrance through the skin cither by application or intraeutaneous injection. 
Under these specialized conditions a moderate level of delayed contact re- 
activity develops in a proportion of guinea pigs treated. 

Because in previous work (1, 2) we had observed that the wax fraction of the 
tubercle bacillus possesses the property of causing the animal body to respond 
to tuberculoprotcin with typical tuberculin allergy, it seemed reasonable to 
propose that this lipid might have similar “directive” properties in altering 
the type of hypersensitivity to other antigenic substances. It is demonstrated 
in the present report that such an effect is markedly evident when picryl chloride 
is employed as antigen, injections of this and the wax being given by a route 
(intraperitoncal) which docs not result in delayed hypersensitivity when the 
picryl chloride alone is employed. Responses in picryl chloridc-wax-treatcd 
animals are much more regular and far more intense than those which follow 
sensitization with picryl chloride via the only “natural” route available, the 
skin. Previous observations of a similar effect of killed tubercle bacilli (15) 
in inducing this same altered hypersensitivity are thus referable to an isolated 
lipoidal constituent of the organism which, if injected with antigenic substances, 
possesses the biological property of causing delayed allergic responses to the 
antigens themselves. 

The delayed nature of the reactivity induced in this manner is evidenced by 
the chronological and morphological character of the cutaneous response, its 
lack of relationship to humoral antibody level, its failure to be passively trans- 
ferred to normal recipients by serum, and its independence of the anaphylactic 
state. 

The specific activity of the wax is indicated, as in previous experiments on 
tuberculosis (2) and with egg albumin (32), by the failure of an ordinary im- 
munologic adjuvant, represented by water-in-oil emulsion, to effect a similar 
change in hypersensitive responsiveness. Nor could other workers (13, 15) 
effect such a change by intraperitoneal injections of other adjuvants including 
alumina, tapioca, and charcoal, along with picryl chloride. Furthermore, tire 
wax has given no evidence of being an immunologic adjuvant, since with three 
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antigens in our own experience it has in no instance caused increased antibod} 
production over that seen in animals receiving the antigens alone. 

The mechanism of activity of this bacterial wax is not known. The marked 
histologic response occasioned by the substance would seem to be unrelated 
to this activity, for similar cellular responses are occasioned by another lipid — 
the phosphatide — of the same organism, and this does not influence the hyper- 
sensitive response. Furthermore, as Rich (36) has pointed out, the bacterial 
type of delayed allergy occurs in diseases in which no lesion comparable to that 
of tuberculosis occurs at all. 

So far as available evidence is concerned, it seems necessary that antigen 
and the lipid must be in rather intimate contact within the body in order for 
the alteration in hypersensitive response to occur. Observations derived from 
work with another antigen (32) indicate that several hours may intervene be- 
tween injection of wax and antigen into the same site. It is of interest, how- 
ever, that the tuberculous animal, in which the bacillus and its lipids are dis- 
seminated through the body, may provide conditions for the establishment of 
the marked delayed type of hypersensitivity as the result of applications of 
picryl chloride to the skin. It is pertinent to speculate whether in the human 
being with quantitatively sufficient infection there may be a tendency to de- 
velopment of delayed hypersensitivity to any antigenic substance which, in 
the uninfected individual, would cause a form of immediate allergic reactivity. 
Involved in this consideration also is the question of so called “heteroallergic” 
reactivity described in tuberculous animals (33, 34) and the human being (35), 
wherein bacteria unrelated to the tubercle bacillus may provoke reactions an- 
alogous to the Koch phenomenon. It is entirely conceivable that under the in- 
fluence of the tubercle bacillary wax responses to the antigens of these bacteria 
would develop as forms of delayed hypersensitivity. 

It may be questioned how the demonstrated activity of tubercle bacillary' 
wax bears any relationship to the spontaneous occurrence of delayed contact 
reactivity to picryl chloride or other simple chemical substances. In the ab- 
sence of the wax described, these must act through the skin in order to sensitize 
effectively. This special circumstance may have an analog}' in the case of 
tuberculin reactivity, for here it is necessary that the entire bacillus be present 
in the tissues for sensitization to eventuate. A common factor may be involved 
in both of these cases, for we find that the same component of the tubercle bacil- 
lus which causes delayed hypersensitivity to isolated tuberculoprotein to be- 
come established also permits delayed hypersensitivity to picryl chloride with- 
out the intermediation of the skin. Perhaps then a lipid with activities similar 
to those of tubercle bacillary wax is present as a cellular component of skin. 
\Mien released by injury (most substances inducing contact dermal hyper- 
sensitivity are primarily irritating) such lipids may function in the same manner 
as does the bacillary wax. This possibility is being investigated. 
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SUMMARY 

The purified wax fraction of the tubercle bacillus, which has been previously 
demonstrated as an essential element in causing delayed tuberculin hyper- 
sensitivity in response to the protein of the tubercle bacillus, is now found to 
have the same activity with regard to a simple chemical antigen, picryl chloride. 
One injection of this compound with wax intrapcritoncally into guinea pigs 
results in a marked delayed cutaneous hypersensitivity, demonstrable by con- 
tact and intracutancous test, and of long duration. The effect is not related to 
an adjuvant activity of the wax as defined by ordinary standards. 

The relationship of these observations to the occurrence of “hctcroallcrgic” 
phenomena in tuberculosis is discussed. 

The possibility that the occurrence of spontaneous contact hypersensitivities 
may depend upon the presence of similarly active lipoidal components of the 
skin is commented upon. 
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EXPLANATION OE PLATE 23 

Fig. 1. Contact test 90 days following one injection of picryl chloride plus wax 
intrapcritoneally. 4S hour reaction.' 

Fig. 2. Intracutancous test under the same conditions as above. 48 hour reaction. 
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A HEMOLYSIN ASSOCIATED WITH THE MUMPS VIRUS* * * § ! 

By HERBERT R. MORGAN, M.D.,§ JOHN F. ENDERS, Ph.D., AND P HILIP F. 

WAGLEY, M.D.ll 

{From the Research Division of Infectious Diseases of the Children s Hospital, Children s 
Medical Center, and the Thorndike Memorial Laboratory, Second and Fourth Medical 
Services {Harvard), Boston City Hospital, and the Departments of Medicine and 
Bacteriology and Immunology, Harvard Medical School, Boston ) 

(Received for publication, June 4, 1948) 

During the course of unpublished experiments by Levens and Enders, hemol- 
ysis was observed in suspensions of chicken erythrocytes exposed at 37°C. to 
amniotic or allantoic fluids derived from chick embryos infected with mumps 
virus. 1 The results of systematic studies of this hemolytic factor are described 
in the present communication. 

Methods 

Preparation of Virus Suspensions.— A strain of mumps virus which had been carried for 42 
passages in eggs was used. Infected amniotic fluid was inoculated into the amniotic sac of 
7-day-old embryos which were then incubated at 35 = C. for 6 to 8 days. At the end of this 
time the amniotic and allantioc fluids were removed and pooled. Aliquots were placed in 
glass ampoules, sealed, and stored in the dry ice cabinet until used. Allantoic fluids with- 
drawn from embryos 48 hours after inoculation by the allantoic route with the PR8 and Lee B 
strains of influenza virus were also employed in certain experiments. 

Titration of Hemolysin . — Serial twofold dilutions of infected amniotic fluids were prepared 
in isotonic phosphate buffer (pH 7.0-7 .2). To 0.5 cc. of each dilution was added an equal 
volume of a suspension in the buffer of chicken erythrocytes in concentrations of 1 per cent, 
2 per cent, or 4 per cent. Only 2 per cent or 4 per cent suspensions of cells were used in most 
experiments, since they were found to give more uniform results. In the determination of 
hemagglutination, the procedure of Hirst (1) was employed except in one instance when that 
of Salk (2) was used. After 1 hour at 4°C. the degree of hemagglutination was noted and the 
tubes were gently agitated to resuspend the agglutinated red cells. They were then incubated 
for 2 to 4 hours at 37 C C. Following incubation, the tubes were again very cautiously agitated 
and were centrifuged at 1500 r.p.m. The supernatant fluids were poured off, diluted with 9 
volumes of distilled water, and their content of hemoglobin determined. The degree of 

* Certain of the data described in this paper were presented at a Symposium on Mumps held 

on May 12, 1948, in Minneapolis, at a meeting of the Society of American Bacteriologists. 

t Aided by a grant from The National Foundation for Infantile Paralysis, Inc. 

§ Senior Fellow in Medical Sciences of the National Research Council. 

!■ Research Fellow of the American College of Physicians. 

1 The first observations on this hemolytic factor were made with a strain of mumps virus 
which had been subjected to 35 egg passages. Since then hemolysin has been demonstrated 
in the amniotic fluid of the 5th egg passage of this same strain and in three other strains isolated 
directly from the saliva of mumps patients by embryonic inoculation and carried for 4 or 5 
passages in eggs. 
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hemolysis was calculated with reference to a control standard. This standard was prepared 
with the same volume of cells completely hemolyzed by suspension in distilled water and 
addition of a drop of dilute ammonium hydroxide. The hemoglobin determinations were 
made with an Evelyn photoelectric colorimeter using fdter 540 (3). 

EXPERIMENTAL 

Comparison oj the IJcmolylic and Hemagghttimlive Activity of Mumps and 

Influenza Viruses 

Allantoic fluids infected respectively with mumps, PRS, and Lee B influenza 
viruses were titrated, using a 1 per cent suspension of chicken erythrocytes. 
Hemagglutination was recorded after 1 hour at 4°C. and hemolysis after 4 hours 
at 37°C. The results of these titrations arc presented in Table I. They show 


TABLE 1 

Ilewogfliiliiialhe and Hemolytic Activity of Mumps and Influenza Viruses on ditcher. 

Erythrocytes 



* 1 per cent chicken cells. Hirst technique. Figures denote degree of hemagglutination" 
t Per cent of cells hernolyzed determined colorimctrically. 


that fluids infected with mumps virus agglutinate chicken red cells at refriger- 
ator temperatures and, on subsequent incubation at 37°C., hemolyze them to 
about the same extent. In contrast the influenza viruses readily agglutinate 
these erythrocytes but produce no hemolysis. In these and other experi- 
ments, the titers of hemagglutinin and of hemolysin in preparations of mumps 
virus were usually of the same order. Occasionally, however, a fluid might 
exhibit considerable hemagglutinative activity but little hemolytic effect. 

Comparative Activity of the Hemolysin on Chicken, Sheep, and Human 

Erythrocytes 

Four per cent suspensions of freshly obtained chicken, sheep, and human 
type 0 erythrocytes were prepared in phosphate buffer. Allantoic fluid infected 
with mumps virus was diluted and its hemolytic titer simultaneously deter- 












H. R. MORGAN, J. E. ENDERS, AND P. E. WAGLEY 


505 


mined against each type of cell suspension. At the same time the hemagglu- 
tinative titer was determined with an 0.25 per cent suspension of the cells of each 
species. The method of Salk was employed instead of that of Hirst because 
tests with human erythrocytes are unsatisfactory by the latter method. The 
results are shown in Table IL 

It is apparent that although the erythrocytes of these three species are all 
susceptible to hemolysis, those of man are less affected than the cells of the sheep 
or the chicken. The human cells also proved to be less sensitive to hemagglu- 
tination by the virus. 


TABLE II 

Eemolytic Effect of ifumps-Infected Allantoic Fluid on Erythrocytes of Various Species 


Species 

Test 

Cell 

con- 

cen- 



Dilutions of fluid 



Buffer 

control 



tion 

s 

16 

32 

6* 

12S 

256 

512 

1024 


Chicken 

Hemagglutination 

per 

cent 

0.25 

4~* 

-L- 

_I_ 

J- 

• 

JL. 

_u 


0 

0 

Hemolysis 

*• i 

«t 

36 

26 

12 

7 

5 


0 

0 

Sheep 

Hemagglutination 

1 

0.25 

JL 

+ 

+ 

4- ■ 

+ 

4- 1 


-u 

0 

Hemolysis 

4. 

18 

18 

13 I 

8 

5 

3 

0 

1 

0 

! 

0 

Human 

Hemagglutination 

0.25 

4- 

4- 

4- 

+ 


0 

0 

0 

0 

Hemolysis 

4 - 

22 

17 

6 

1 

0 

0 

0 

0 

0 


* Salk technique. + denotes complete agglutination of cells, 
t Per cent of cells hemolyzed as determined colorimetrically. 


Effect of Physical and Chemical Agents on the Hemolytic Activity of Mumps 

Virus 

1 nactivalion by Heat. — Fluids infected with mumps virus were placed in sealed 
glass ampoules and completely immersed in a water bath at various tempera- 
tures for varying periods of time. Afterwards they were immediately placed 
in ice water. The concentrations of hemagglutinin and hemolysin in each 
specimen were then determined. These, together with that of the starting 
material, are recorded in Table m. 

The data show that the hemagglutinative and hemolytic activity of the virus 
are destroyed after 30 minutes at 55°C.; both properties are markedly impaired 
after 30 minutes at 50°C.; but exposure for 10 minutes at this temperature 
almost completely destroys the hemolytic activity while leaving the hemagglu- 
tinin almost intact. 

The hemolysin also seems to be less stable at low temperatures. A pool of 
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infected amniotic fluid stored at — 20°C. was thawed and refrozen four times 
during an interval of 3 weeks. At the end of 3 days after the beginning of the 
period of storage the concentration of hemolysin had decreased and by the end 
of 3 weeks no hemolysin could be detected, whereas the hemagglutinin titer 
remained unchanged. 

Effect of Temperature and Time of Incubation on Hemolysis . — To determine 
the effect of temperature and time of incubation on the degree of hemolysis, 

TABLE III 


Inactivation cj the TIemotytic Activity of Mumps Virus by Ileal 


Mumps- 

infected 

fluid 



Test 

Dilutions of serum 

Buffer 

control 


co 

SO 

N 

<rn 

O 

ec 

N 

<o 

VE 

Cl 


fN 

o 


•c. 

win. 













Unhcatcd 

— 

Hemagglutination 

3* 

3 

3 

3 

2 

2 


1 

0 

0 


| 


Hemolysis 

29| 

36 

29 

29 

20 

10 

4 

1 

0 

0 

Allantoic 

SO 

30 

Hemagglutination 

1- 

1- 

1- 

1- 


0 

H 

E 

0 

0 



1 

Hemolysis 

5 

0 

0 

0 

0 

0 

fi 

0 

0 

0 


55 

30 

Hemagglutination 

0 

0 

0 

0 

0 

0 

E 

E 

0 

0 


; 


Hemolysis 

0 

0 

0 

0 

o' 

i 

0 

1° 

0 

0 


Unhcatcd 

— 

Hemagglutination 

4 

4 

4 

3 

2 

1 

1 

± 

0 

0 




Hemolysis 

53 

51 

46 

40 

25 

2 

15 

E 

0 

0 

Amniotic 

50 

10 

Hemagglutination 

4 

4 

3 

2 

i 

R 

B 

R 

0 

0 


i 


Hemolysis 

6 

5 

5 

db 

0 

E 

E 

E 

0 

0 


50 

20 

Hemagglutination 

4 

4 

3 

2 

1 

R 

B 

R 

0 

0 


i 


Hemolysis 

5 

0 

Be 

0 

0 

_5 

3 . 

3 

0 

0 


* 2 per cent chicken cells. Hirst technique. Figures denote degree of hemagglutination. 
t Per cent of cells hemolyzed a.s determined colorimctrically. 


amniotic fluids infected with mumps virus were mixed with 4 per cent suspen- 
sions of chicken red blood cells and incubated at various temperatures for vary- 
ing periods. Unless otherwise noted, the suspensions were first placed at 4°C. 
for 1 hour, shaken, and then incubated at 37°C. Table IV provides a summary 
of the results obtained in these experiments. They indicate that most of the 
hemolysis occurs during the 1st hour of incubation at 37°C. This temperature 
appears to be optimal, since less hemolysis was observed at 25°C. and none at 
4°C. during the same interval. These data also show that preliminary chilling 
for 1 hour at 4°C., which permits marked hemagglutination, is not essential for 
the subsequent occurrence of hemolysis at 37°C. In fact, it has been found that 
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when virus and red cells are mixed and maintained at 37°C., conditions which . 
are attended by little observable hemagglutination, maximal hemolysis ensues. 
These observations taken together suggest that hemagglutination is not an 
essential factor in the hemolytic process. 

Effect of pH on Hemolysis — The effect of diff erenthydrogen ion concentrations 
on the activity of the hemolysin was determined by titrations carried out in 
isotonic phosphate buffers of varying pH values. To allow for the fact that 

TABLE IV 


Effect of Time and Temperature of Incubation on the Degree of Hemolysis Produced by 

Humps Virus 


Mumps- 

infcctcd 

fluid 

Reaction 

Tem- 

per- 

ature 

Time 

Dilutions of fluid 

Buffer 

control 

4 

8 

m 

H 

El 

HI 

m 

a 

B 



•c. 

hrs , 











Amniotic I 

Hemolysis 

37 

i 

19* 

16 

14 

9 

7 

nd 

0 

0 

0 

0 





2 

17 

19 

14 

8 

7 


m 

0 

0 

0 





3 

22 

19 

15 

8 

4 


IS 

0 

0 

0 





4 

26 

19 

13 

12 

8 

3 

0 

0 

0 

0 

Amniotlc II 

Hemolysis 


4 

4 

0 

□ 

0 

0 

0 

0 

0 

0 

0 

0 




25 

4 

12 

SI 

8 

0 

0 

0 

0 

0 

0 

0 




37 

4 

33 

27 

19 

a 

6 

4 

0 

0 

0 

0 


Hemagglutination 


4t 

1 

4 

4 

2 

2 

1- 

1- 

0 

0 

n 

0 


Hemolysis 


i37 

2 

48 

42 

m 

26 

16 

8 

0 

0 

0 

0 


Hemagglutination 


[37§ 

1 

□ 

0 

0 

□ 

0 

0 

0 

0 

0 

0 


Hemolysis 


(37 

2 

48 

40 

35 

[22 

16 

5 

0 

0 

0 

0 


nd, not done. 

* Per cent of cells hemolyzcd determined colorimetrically. 4 per cent suspension. 

1 2 per cent cells used for experiments with amniotic fluid HE. Hirst’s technique. Figures 
denote degree of hemagglutination. 

§ No initial chilling at 4°C. Virus dilutions and red blood cells mixed at 37°C. 

red blood cells themselves exert a considerable buffering action, the pH values 
at which the reaction occurred were determined after incubation for 4 hours at 
37 C. The results, presented graphically in Fig. 1, indicate that the hemolytic 
activity appears to be maximal between pH values of 7.0 and 8.0. Below pH 
6.5 or above pH S.5 little or no activity was observed. In contrast the hem- 
agglutinin was not significantly affected over the range of hydrogen ion concen- 
trations which was employed. 

£_(;«■/ of Composition of Buffer on Hemolysis.- — Dilutions of an infected amni- 
otic fluid were prepared in monobasic sodium and phosphate buffer (pH 7.2) 
containing sodium chloride and in a sodium citrate buffer (pH 7.4). To each 
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were added chicken red cells diluted in the homologous buffer. The titer and 
degree of hemolysis observed in each buffer system were essentially the same. 

Adsorption and Elution of the Hemagglutinin and the Hemolysin by Chicken ■ 

Red Blood Cells 

To determine whether the Ijcmolylic activity could be adsorbed and eluted from chicken 
red cells like the hemagglutinin (4), 1 cc. of infected amniotic fluid was added to 5 cc. of 10 



Fig. 1. EGcct of pH on the activity of mumps hemolysin. 

, . Endpoint of hemolytic effect 

mined by the ratio: — — — : — ■ . ; ; — . 

Dilution of fluid used 


A unit of hemolysin is deter- 


per cent chicken cells in saline. The mixture was allowed to stand for 1 hour at 4°C. After 
removal of the supernatant fluid aliquots of the cells were resuspended in phosphate buffer at 
pH 6.0 and pH 7.2 respectively and then placed in a water bath for 2 hours at 37°C. These 
eluates were then separated from the cells by centrifugation and the cells washed twice in 
buffer (pH 7.2) and resuspended in a concentration of 2 per cent in buffer. The supernatant 
fluid and eluates were tested for hemolytic activity after dilution in buffer and addition of an 
equal volume of 2 per cent red cells. To allow for the hemolysis which occurred during 
elution, the cluate was diluted in buffer, and the concentration of hemoglobin determined in 
the photoelectric colorimeter. This value was then used to correct the readings obtained after 
incubation of the eluate with untreated chicken cells. The cells from which the virus was 
eluted were washed three times in buffer and made up in buffer (pH 7.2) as a 2 per cent suspen- 
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sion. These cells vrere then tested for susceptibility to hemolysis by adding to them dilutions 
of fresh virus suspensions. 


TABLE V 

The Adsorption and Button of the Hemagglutinalke and Hemolytic Activity of Humps l nits 

villi Chicken Red Cells 

I ! Dilutions of fluids* n„c„ 


Fluid 

Test 

12 

24 

4S 

95 

192 

334 

1 

76S 1526’ 

control 

Original 











Amniotic fluid 

Hemagglutination 

4 

3 

2 

1 

i 

-U. 

0 

0 

0 


Hemolysis 

46t 

40 

29_ 

20 

15 

2 

0 

0 

0 

Supernatant 











(pH 6.0) after 1 hr. at 

1 Hemagglutination 

0 

0 

0 

0 





0 

4°C. 

Hemolysis 

0 

0 

0 

0 





0 

Eluate 1 



i 


. 






(pH 6.0) after 2 hrs. 

Hemagglutination 

4 : 

2 


0 

0 

0 

0 

0 

0 

at 37°C. 

Hemolysis 

15 

11 

/ 

2 

0 

0 

0 

0 

0 

Supernatant 











(pH 7.2) 

Hemagglutination 

0 

0 

0 

0 





0 


Hemolysis 

0 

0 

0 

0 





0 

Eluate 2 











(pH 7.2) 

Hemagglutination 

4 

4 

1- 

0 

0 

0 

0 

0 

0 


Hemolysis 

12 

16 

14 

4 

0 

0 

0 

0 

0 


* In terms of original fluid before addition of adsorbing chicken red cells. 

X Per cent of hemolvzed cells as determined colorimetrically with 2 per cent cells. 


Cells 

Test 

Dilutions of virus 

Buffer 

control 

2 1 

4 

8 

16 

32 


123 

256 

Untreated 

Hemagglutination 

■* 

4 

2 

2 

i 


0 

0 

0 


Hemolysis 

sit 

45 

43 

35 

30 

14 

6 

0 

0 

Eluted 1 

Hemagglutination 

-i- 

* 

0 

0 

0 

0 

o 

0 

0 


Hemolysis 

0 

0 

0 

0 

0 

0 

B 

0 

0 

Eluted 2 

Hemagglutination 

0 

0 

0 

0 

0 

0 

0 

0 

0 

- 

Hemolysis 

m 

0 

0 

El 

O 

0 

0 

0 

0 


* 2 per cent suspension of cells. Hirst technique. Figures denote degree of hcmaealutina- 
tion. 

* I'cr cent of cells hemolvzed as determined colorimetrically. 


The results of these experiments are presented in Table V. It is clear from 
them that the hemagglutinativc and hemolytic activities of mumps virus are 
complete!} adsorbed on chicken erythrocytes at 4”C. and mav subsequently 
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be released in part at least by elution at 37°C. Moreover, the cells from which 
the virus was eluted are no longer susceptible either to the hemagglutinativc or 
hemolytic action of the virus, The cause of our failure to recover all the activ- 
ity in the eluates is probably to be attributed to incomplete elution after the 
comparatively short interval of 2 hours. 

Neutralization of the Hemolysin by Immune Scrum 
The action of mumps immune sera on the hemolysin was investigated. 

Acute phase and convalescent sera were obtained from a patient with parotitis and a 
monkey in which the disease was produced experimentally. These sera, heated for hour 
at S6°C., were diluted in 0.5 cc. amounts of buffer (pll 7.2) containing diluted infected amniotic 
fluid (1'.16) with a hemolytic titer of 1:128. The mixtures were placed at 4°C. overnight, and 
0.5 cc. of 4 per cent suspension of red cells was added to each on the following morning. They 

TABLE VI 


Inhibition oj the Hemolytic Activity of Mumps Virus by Immune Sera 


Species 

Serum 

Dilutions ol serum 

Uuffer 

control 

Serum 

control 

ga 

B 

K 

o 

iff 

256 

512 

ESI 


KB 

Monkey ! 

Normal 

5 

m 

23 

23 

27 

27 

27 



■ 

29 

0 

| 

Convalescent 

0 

1 0 

°! 

0 

0 

0 

0 

5 

10 


30 

0 

Man 

Acute 

8* 

i 

1 13 

17 

22 

28 

■ 

3! 




1 27 

31 

0 


Convalescent 

0 

0 

4 

7 

13 

16 

15 

33 

33 

34 

31 

0 


* Per cent of cells hemolyzed determined colorimctrically with 4 per cent cells. 


were then placed at 4°C. for 1 hour, shaken gently, and incubated for 4 hours at 37°C. As a 
control on the possible hemolytic action of the sera, dilutions of serum in bufTcr were prepared 
and an equal volume of 4 per cent red cells was added. These controls were treated in the 
same manner as the virus-scrum-red cell mixtures. At the end of the incubation period, the 
degree of hemolysis was determined on the supernatant fluid by means of the photoelectric 
colorimeter. 

The results are presented in Table VI. They show that the hemolysis of 
chicken red cells is inhibited by the sera of man and monkey convalescent from 
mumps. In contrast, normal monkey serum and serum taken during the early 
stage of the disease in man had only a slight inhibiting effect. These findings 
suggest that the hemolytic activity of amniotic fluid infected with mumps virus 
is due to a factor specifically produced by this agent. 

Effect of Mumps Virus on the Fragility of Human and Chicken Erythrocytes 

In view of the foregoing observations, it became of interest to sec whether 
the adsorption of mumps virus on human and chicken cells would affect their 
fragility. 
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Red cells were recovered from defibrinated human blood. Chicken cells which had been 
recently collected in Alsever’s solution were used. A 5 per cent solution of human albumin in 
saline was added to minimize the effect of handling on cell fragility. The cells were then 
washed three times in this mixture and a 6 per cent suspension of human or chicken red cells 
was prepared in the albumin-saline. To 40 ml. of the suspension of each of the two type^a o . 
cells, 3 ml. of allantoic fluid infected with the virus of mumps was added. To serve as controls 
on the possible mechanical efiects of hemagglutination, 3 ml. of PRS and of Lee B influenza 
viruses were added to 40 ml. portions of these cell suspensions. To the same volumes of the 
suspensions of human and of chicken erythrocytes, 3 mL of normal allantoic fluid was added to 
detect any non-specific action of this material. The ■virus-cell mixtures were allowed to 
stand at 25°C. for J-4 hour when the supernatant fluids were removed and tested for the 
presence of virus by means of the hemagglutination reaction. The results showed that 
almost all the mumps and influenza viruses had been adsorbed to the cells. The chicken 
cells were sedimented and then resuspended in fresh albumin-saline, whereas the human cells 
were resuspended in the original supernatant fluid during the subsequent elution at 37°C. for 
1 hour. The eluates were then removed and the cells were washed twice in albumin-saline. 
Hemagglutination tests on the eluate showed that most of the virus in all instances had been 
released from the cells. Some of these cells were then shown to be agglutinated by the addi- 
tion of fresh homologous virus. The residue of the cells was used to determine the osmotic 
fragility by methods which have been described (3). 

Fig. 2 presents representative curves of the results. The data show that 
exposure to mumps virus caused a definite increase in fragility of h uma n and 
chicken erythrocytes. On the other hand, adsorption and elution of influenza 
virus brought about no detectable effect. This latter finding is of especial sig- 
nificance in view of the fact that the influenza virus is known to inactivate the 
hemagglutinin receptors of the chicken red cell for mumps virus (5). 

DISCUSSION 

The observations on the hemolysin of the mumps virus which we have pre- 
sented reveal a property exhibited by many bacteria but, in so far as we are 
aware, one hitherto undescribed among viruses. The experiments have been 
carried out with precautions to eliminate any hemolysis which might be caused 
by non-specific chemical or physical factors. This fact together with the find- 
ings that normal egg fluids or those obtained from embryos infected with PR8 or 
Lee B influenza viruses did not exert a hemolytic effect under the same condi- 
tions show that the hemolysin present in fluids infected with mumps virus is a 
specific product of this agent. From the results, two inferences have been 
drawn: (1) the hemolysin is not identical with the hemagglutinative propertv; 
(2) the hemolysin in its behavior is in many respects analogous to an enzyme. 

_ hemolytic activity can be experimentally distinguished from the hemagglu- 
tinative capacity of infected fluid by the inactivating effect of moderate heatine, 
reaction temperature, and the pH range of activity. On the other hand, the 
two factors behave essentially alike in respect to their adsorption and elution 
wit i red cells and their inhibition by specific immune serum. It cannot there- 

ore be now asserted that these two factors represent distinct constituents or 
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Fig. 2. Effect of the adsorption and elution of mumps and influenza (Lee B) virus on the 
osmotic fragility of human and chicken erythrocytes. 

products of the virus. The determination of their exact relationship must 
await further experimentation carried out, for example, by .differential 
ultrafiltration and centrifugation. In addition, studies to determine whether 
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the same cell receptor is involved in both reactions, might also contribute to the 
elucidation of this problem. 2 If through such experimentation, these two 
properties are shown to be manifestations of a single constituent, i.e. the infec- 
tive particle, then it is possible that the concentration of hemolysin may afford 
a more accurate index of infectivity, for our findings indicate that the activity 
of the hemolysin is more easily impaired than that of the hemagglut inin . 

Several features of the hemolysin resemble those of enzymes, such as -inac- 
tivation by gentle heating, increase in activity correlated with the passage of 
time, increase of hemolytic effect within the temperature range of 4 to 37°C., 
the effect of hydrogen ion concentration on the degree of hemolysis. Fur- 
thermore, as shown by the results of elution experiments, the hemolysin is not 
exhausted during hemolysis but retains its characteristic activity when added 
to fresh cells. In this respect, of course, it behaves like the hemagglutinin. It 
may in this connection be pointed out that Burnet (6) has described an enzyme- 
like effect of influenza virus on gastric mucin and Bovamick and de Burgh 
(7) have shown that this agent may inactivate comparatively large amounts 
of the red cell receptor substance without itself undergoing loss of activity. 

SUMMARY 

1. A factor capable of causing the hemolysis of the erythrocytes of man, 
chicken, and sheep occurs in the amniotic and allantoic fluids of chick embryos 
infected with the virus of mumps. 

2. The hemolysin has not been found in normal fluids or in those infected 
with PR8 or Lee B strains of influenza virus. 

3. The hemolysin is definitely inhibited by the serum of man and monkey 
convalescent from mumps, but only slightly by the serum of the acute phase. 

4. The hemolysin is almost completely inactivated at 50°C. after 10 minutes. 
It exhibits maximal activity at 37°C. and is completely inactive at 4°C. A pH 
range from about 7.0 to 8.0 allows for m.vrimnm activity. 

5. Adsorption and elution of the hemolysin with red blood cells has been 
demonstrated. After elution of the hemolysin, the red blood cells exhibit an 
increased osmotic fragility. Similar treatment of red cells with influenza virus 
did not alter this property. 

6. The relationship of the hemolysin to the hemagglutinin and the enzvme- 
like behavior of the former have been discussed. 

The auth ors gratefully acknowledge the technical assistance o! Mrs. Virginia Pcaslec. 

2 Since the completion of the experiments described in this paper, it has been determined 
that chicken erythrocytes, treated respectively with PRS and Lee B influenza viruses in such 
a manner as to render them inagglutinable by mumps virus, were not herao'.vzed bv fluids 
infected with this agent. These fluids, however, exhibited marked hemolytic activitv on 
suspensions o. untreated cells. This finding might be interpreted as indicating fixation of tb» 
mumps hemagglutinin and hemolysin by the same cel! receitor. 
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THE REL ATION OF INFECTIOUS AND HEMAGGLUTINATION 
TITERS TO THE ADAPTATION OF INFLUENZA VIRUS 

TO MICE* 

By CHEN G-I WANG, MJ). 

( From the Department of Epidemiology arid Virus Laboratory, School of Public Health, 
University of Michigan, Ann Arbor) 

(Received for publication, July 30, 1948) 

A n umb er of serial passages is necessary before recently isolated strains of 
influenza virus can be adapted to mice. Little is knovm of tbe fundamental 
mechanism involved in the process of adaptation of the virus to mice. Hirst 
(1) reported that egg-adapted influenza A virus (Ala. 41, Kil. 41, N. Y. 43) 
while inducing no pulmonary lesions in mice, multiplied to the same maximum 
egg-infectious titer as the mouse-adapted passage of the same virus. The ma- 
terials used by Hirst consisted of mouse lung preparations harvested 3 or 4 
days after the virus was introduced intranasally. Thus the results, if correct, 
represent only the conditions occurring at the peak of virus growth. Since the 
adaptability of a virus may be more closely related to events ta kin g place in 
the early stage rather than in the later stage of its growth, it was of interest to 
determine the earlier life history of the virus in mice. The present study is a 
report of observations on the rate of growth and the infectious titer of 
unadapted and adapted lines of a strain of influenza type A prime virus in the 
lungs of mice at various time intervals after intranasal introduction. 

Methods 

The influenza viruses used in the present experiments were two lines of the Rhodes strain 
(2), one adapted and the other unadapted to mice although both are propagated readily to 
approximately the same titers in the chorio-allantois of embryonated eggs. Antigenically 
they are the same, but their adaptability to mice is entirely different, one being pathogenic 
(adapted), and the other non-pathogenic (unadapted). At the tim e this study was insti- 
tuted, the adapted line had been subjected to four ferret and fourteen mouse passages, and the 
unadapted line had been subjected to three ferret, two amniotic, and four allantoic passages. 

Fresh preparations of equivalent concentrations of unadapted Rhodes (in the form of 
allantoic fluid) and adapted Rhodes (in the form of mouse lung suspension) virus were each 
inoculated intranasally (0.03 ml.) into similar groups of 20 to 24 young Swiss mice. The 
mice used in each experiment were of the same breed and of about the same size. Four mice 
from each similar group were sacrificed at 0, 4, 12, 24, 4S, and 72 hour intervals after inocu- 
lation, and the lungs thus obtained at each interval from each group were ground and sus. 

* This work was done in partial fulfillment of the degree of Doctor of Public Health at the 
School of Public Health, University of Michigan, .Arm Arbor, June, 194S. 

This in\ cstigation was conducted with the aid of the Commission on Influ enza , Army Epi- 
demiological Board, Office of the Surgeon General, United States Army, Washington* D.C. 
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pended in 10 per cent normal horse serum-saline. These mouse Jung suspensions were centri- 
fuged at 2000 R.r.M. for 5 minutes to remove the gross sediments. Tenfold dilutions of the 
fresh mouse lung suspensions were made in broth and 0.1 ml. amounts were inoculated into 
the allantoic sacs of three 10-day cmhryonatcd eggs. The eggs were incubated (35'C.) for 
4S hours and then chilled at 4°C. overnight. The allantoic fluids were then tested individually 

TABLE I 


Rate of Multi plication of Unadopted and Adapted Lines of Rhodes Virus in Mouse Lung 


Experiment No. 

Rhodes viruses 

S 

Zi 

V 

Cj 

Cl 

Dilu- 

tion 

a 

o 

c 

E E 

.23 

c — 
.> 

Route 

of 

inocu- 

lation 

Method of 
titrating 
virus 

Titer at intervals in hours after I.N. inoculations* 

0 j 4 

1 n 

24 

I 4S 

1 71 

i 

Unadapted 

20 

20 

io-= 

nl. 

0.05 

I.N. 

E. I. M 
Hemag- 
glu- 
tinin 

1 

0 1 10-»-‘ 
0 | 0 

1 

1 


io-=* 

<20* 

l^ss 

N.D. 

it 

Adapted 

E. 1.5, 
Hemag- 
glu- 
tinin 

10-=“ 

0 

10-1 S 

0 

10 -T.o! jo-r .1 
0 |l.2S0 

! 

1 

10-=‘ 

1,2S0 

u 

tt 

ii 

Unadapted 

24 

20 

10-= 

0.05 

I.N. 

E. 1.5, 
Hemag- 
glu- 
tinin 

10-=“ 

0 

10-*-* 

• 

10~ 3 - 5 

0 

io- sj ! 
0 

1 

\ 

10-“ 5 
<20* 

10-s.r 

0 

Adapted 

E. 1.5, 
Hemag- 
glu- 
tinin 

10 -J.s 

0 

10-“ 0 

0 

10-« * 
<20* : 

io-= » io-= •= 

1,2S0; 640 

1 

1 

N.D. 

« 


N.D., not done. 

I.N., intranasal. 

E.I.s,, 50 per cent egg-infectious titer. 

* Lungs of four mice were pooled at each interval. 

1 Hemagglutination ± at 1/20. 

for hemagglutinating titer by a pattern method (3), and the 50 per cent egg infectious titer 
calculated (4). The mouse lung suspensions at each time interval were also tested for hemag- 
glutinating titers. 


EXPERIMENTAL 

Two separate experiments were conducted by similar procedures as de- 
scribed. The data are recorded in Table I and Figs. 1 and 2. 

It will be observed that the growth of the line of unadapted Rhodes in mice 
is much slower than that of the line of adapted Rhodes. At 4 and 12 hours 
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after inoculation, the egg-infectious titer (E.I.so) of mouse lung suspensions of 
the unadapted line is low (10~ 3 - s or less), and the peak of growth is not reached 
until 48 hours. On the other hand, the adapted line multiplied rapidly after 
its introduction into mice, and nearly attained its peak of growth within 12 
hours (E.I.so: lO" 5 - 7 to lO" 7 - 0 ). The latter finding is in agreement with Taylor 
(5) who found that the PRS strain of influenza virus reached a maximum 
iix.d. titer in mouse lungs within 24 hours after intranasal introduction. In 



Fig. 1. Rate of multiplication of mouse-adapted and unadapted lines of Riodes virus in 
mouse lung expressed as 50 per cent end-point infectious titer in eggs. 

addition, the hemagglutination titers obtained from the multiplication of these 
two lines of virus in mouse lung are also different. This is clearly shown in 
Fig. 2. The hemagglutination produced by the unadapted line is exceedingly 
low (less than 20) even when the virus has reached its peak of growth at the 
end of 4S or 72 hours, while the adapted line gives a titer of 1,280 as early as 
24 hours after inoculation. Since hemagglutinin is not readily separable from 
the influenza virus particles (6, 7), it would tend to indicate that there have 
been more virus particles produced by the adapted line than by the unadapted 
line at the peak of growth in the pulmonary tissue of mice. 

DISCUSSION' 

It is of considerable interest to note that the line of mouse-unadapted Rhodes 
strain (ferret-egg passage), though completely non-pa thogenic to mice, can 
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multiply readily in the pulmonary tissue of these animals. This finding is in 
agreement with that of Hirst (1). In contrast to Hirst’s results, however, was 
the fact that the titer of virus concentration of the unadapted line was much 
lower than that of the adapted line (ferret-mouse passage). Hirst reported 
that the mouse-unadapled and adapted passages of influenza virus multiplied 
to the same maximum titer in the pulmonary tissue of mice. The discrepancy 
may be accounted for by the facts that (a) Hirst did not sacrifice his animals 
until 3 or 4 days after virus inoculation while mice were sacrificed at repeated 



Fig. 2. Hemagglutination titers of the same mouse lung virus preparations as in Fig. 1 

intervals in the present study; ( b ) a comparison of different passages of the 
same strain was made by Hirst while two different lines (unadapted and 
adapted) of the Rhodes strain in simultaneous passage were used in the present 
experiments. Whatever the explanation, the fact remains that the mouse- 
adapted line reaches a much higher hemagglutination titer (1,280) at the peak 
of its growth than does the unadapted line (less than 20). Since hemaggluti- 
nation is intimately associated with the particles of influenza virus (6, 7), a 
higher hemagglutinating titer would logically imply a higher virus titer. It is 
to be pointed out, however, that the egg-infectious titers attained by these two 
lines of virus at the peak of their growth are not markedly different, 10"' ,s to 
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10 -7 - 8 for the adapted, versus lO -6 5 for the unadapted line. The discrepancy 
between egg-infectious and hemagglutination titers was also observed with 
the adapted strain in eggs after 12 and 48 hours of incubation (35°C.). The 
egg infectivity closely approached the peak at 12 hours (10 -6 - 7 to 10~ 7 -°) when 
no hemagglutination was detectable, while another 12 hours of incubation raised 
the hema gglu tina tion titer from less than 20 to 1,280 without appreciably in- 
creasing the egg-infectious titer. 

It seems that the virus particles in mouse lungs infected with the adapted 
line present two characteristics: one being infective for eggs, and the other 
being capable of agglutinating chicken red cells in high titer. The line un- 
adapted for mice on the other hand, produced a pattern of high egg infectivity 
and low hemagglutinating titer. This tends to indicate that the capacity of 
the virus to agglutinate chicken red cells to high dilution is a better measure 
of its pathogenicity for mice than the egg-infectious capacity. 

It is also significant to note that the mouse-pathogenic virus (adapted 
Rhodes) had a much more rapid growth rate in mice than that of the non- 
pathogenic line. This difference in growth rates might well explain why some 
variants of one virus may easily be adapted to mice while with others greater 
difficulty is encountered. The adaptation of a virus to mice or to other animals 
through passages might be the result of an actual natural selection of the more 
rapidly growing variants of the same virus. 

S'OMMAEY 

The non-pathogenic (unadapted) line of the Rhodes strain of influenza virus 
multiplied readily in the mouse lung, but its rate of multiplication was slower 
and its hemagglutination titer attained at the peak of growth was much lower 
than that of the adapted line of the same virus. The implication of these 
findings to mouse adaptability of the virus is discussed. 

The author wishes to express his deep appreciation to Dr. Thomas Francis, Jr., for his direc- 
tion, encouragement, and advice in making this work possible. 
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SPECIFIC SERUM AGGLUTINATION OF ERYTHROCYTES 
SENSITIZED WITH EXTRACTS OF TUBERCLE BACILLI 

By GARDNER MTDDLEBROOS, M.D., and REN£ J. DUBOS, Ph.D. 

{From the Laboratories of The Rockefeller Institute for Medical Research ) 

(Received for publication, August 10, 1948) 

It is known that red blood corpuscles can adsorb various substances and 
thereby be rendered specifically agglutinable by serum antibody directed 
against the substance adsorbed (1—4). The present paper describes observa- 
tions on the agglutination, by the sera of experimental animals and of tuber- 
culous patients, of erythrocytes previously treated with aqueous extracts of 
tubercle bacilli or with products of their culture filtrate. 

Materials and Methods 

Preparation of Extracts of Tubercle Bacilli . — The H37Rv strain of human tuberdebarillus 
was cultivated on the surface of a liquid medium described in a previous communication 
(medium 7 in reference 5). After approximately 14 days of growth, the whole bacillary mass 
was filtered free of the culture filtrate and washed on the filter, first with distilled water, then 
with cold acetone. Following removal from the filter, the organisms were air-dried at room 
temperature in a glass container/ All these operations were carried out under irradiation 
with ultraviolet light. The dried bacillary material was stored at room temperature or in a 
refrigerator. 

Four grams of air-dried bacilli was suspended in 100 cc. of 88 per cent phenol (phenol 
liquefied, v. s. p. XHt, Mallinckrodt) and stirred by a magnetic stirrer at 35'C. for 20 hours; 
the suspension was centrifuged and the clear brownish supernatant fluid discarded. The 
sediment was resuspended in 100 cc. of fresh phenol solution and the same operation was 
repeated. The new sediment was twice resuspended in fresh phenol solution, stirred for 
only | hour each time, and centrifuged. It was then washed three times with 90 cc. aliquots 
of cold acetone in order to remove the phenol. Finally, the phenol-acetone — treated bacillary 
mass was dried and stored at room temperature. 

The phenol-acetone — treated, dried bacillary material (0.5 gm.) was suspended with mortar 
and pestle in an isotonic aqueous solution (63 cc.) containing 0.55 per cent XaCl, 0.5 per 
cent XajHPOt, and 20 per cent methanol. Tee methanol served to facilitate suspension of 
the bacilli as well as to prevent contamination. This suspension was stirred for 20 hours by 
a magnetic stirrer at 35°C. The extract was freed of most of the suspended bacillary bodies 
bv centrifugation in an angle head centrifuge (Sorval type) at 10,000 E.p.sr. for 30 minutes. 
The slightly opalescent extract was adjusted to a pH of 6.0, was dialyzed through ordinary' 
sausage casing cellophane against tap water for 6 hours, and then against distilled water for 
1 to 3 days. The solution in the cellophane bag was evaporated down to a volume of 20 cc. 
in front of a fan, removed from the bag, and centrifuged at high speed to yield an almost 
clear extract which was adjusted to pH 6.5 to 7.0 with dilute XaOH and made isotonic br- 
ibe addition of 0.52 cc. of saturated aqueous solution of sodium chloride. 

Preparation of li asr.ed, Packed, Sheep Eryttxocyles. — Sheep’s blood was collected asepticallv 
in 1 .2 volumes of sterile modified Alsever’s solution (6b The red cells in this mixture remain 
ade ;uate for the hemagglutination test for 3 months when kept under aseptic conditions at 
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4°C. The mixture of blood and Alsevcr’s solution was centrifuged and the red cells were 
washed three times with 6 volumes of isotonic saline solution. After the last centrifugation 
at 2000 R.r.v. for 20 minutes, as much of the supernatant fluid as possible was removed and 
the packed cells were stored at 4 C C.; these cells were used within 3 days or until hemolysis 
was clearly evident. Fifty cc. of hlood-Alscvcr’s mixture yielded about 7 cc. of packed, 
washed erythrocytes. 

Sensitization of Sheep’s Cells with Extract. — Approximately 0.5 cc. 6f packed, washed red 
cells was added to 10 cc. of the neutral, isotonic extract of tubercle bacilli; the cells were well 
suspended and placed in a water bath at 37°C. for 2 hours and frequently agitated; then the 
suspension was centrifuged and the clear supernatant fluid was discarded. The packed 
treated red cells were washed three times with 30 cc. of saline and finally suspended in 100 cc. 
of sterile saline (0.5 per cent "sensitized Ted cell suspension”) to be stored at 4 C C. and used 
within 3 days or until hemolysis was clearly evident. 

Collection and Preparation of Serum for Absorption. — Blood was collected and allowed to 
clot, and the clot allowed to retract; serum was removed and, for preservation, when desired, 
mcrthiolate was added in a final concentration of 0.01 per cent. To 1 cc. of scrum was added 
1 cc. of saline and this mixture was heated at 56°C. for 30 minutes in order to inactivate 
complement. 

Absorption of Scrum will: Untreated Red Cells. — The following operations were designed to 
remove from the sera, antibodies unrelated to tuberculous infection which would agglutinate 
untreated red cells by the hemagglutination technique to be described. 

In 2 cc. of 1:2 dilution of heated serum 0.2 cc. of packed, washed, untreated sheep’s cells 
was suspended, and the suspension was allowed to stand at room temperature for at least 20 
minutes, during which it was frequently shaken. It was then centrifuged to sediment the 
cells and the supernatant fluid was removed and treated in the same way with another 0.2 
cc. of packed untreated cells. The final supernatant fluid was used in the hemagglutination 
tests as representing a 1:2 dilution of absorbed serum. 

A 0.5 per cent suspension of untreated red cells, to be used as control antigen in the test- 
ing of all sera, was prepared by suspending 0.1 cc. of untreated, washed, packed sheep cells 
in 20 cc. of isotonic sterile saline. This suspension was stored in the refrigerator and used 
no longer than 3 days after its preparation. 

Performance of Hemagglutination Test. — Twofold serial dilutions of the absorbed serum to 
be tested were made in saline in tubes of 12 mm. internal diameter. To tubes containing 0.4 
cc. of scrum dilution there was added 0.4 cc. of 0.5 per cent suspension of treated erythrocytes. 
Two control tubes were found to be necessary: one containing 0.4 cc. of saline and 0.4 cc. of 
0.5 per cent suspension of treated cells, and the other containing 0.4 cc. of 1:2 dilution of 
absorbed scrum and 0.4 cc. of 0.5 per cent suspension of untreated erythrocytes. 

Incubation at 37°C. for 2 hours, followed by a preliminary observation, a vigorous shaking, 
and further incubation at room temperature overnight, was found to allow satisfactory read- 
ing of the degree of agglutination. Tire results were rcaM and recorded as in any red cell 
agglutination test. 

Agglutination of the treated cells in saline has usually been present to- an insignificant 
extent and this has served as a guide in the judging of clear cut agglutination in an actively 
agglutinating scrum. Agglutination of untreated red cells by the absorbed serum indicates 
that the scrum has been incompletely absorbed and renders the test invalid. 

Technique of Inhibition of Specific Hemagglutination by Solutions Containing Sensitizing 
Material. — An active serum was selected which agglutinated treated red cells at high titre, 
and a serum dilution near the end-point of agglutination was carefully determined which 
consistently gave definite, though not strong, nggutination of treated red cells. Serum in 
this dilution was added in 0.4 cc. amounts to a series of tubes containing 0.4 cc. of serial dilu- 
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tions of tie substance to be tested for its ability to inhibit the specific agglutination. The 
tubes were incubated in a water bath at 37°C. for 45 minutes. To each tube was then added 
0.4 cc. of a 0.5 per cent suspension of treated red cells. Incubation and the reading of results 
were carried out as in the case of the above described hemagglutination test. Appropriate 
controls containing untreated red cells with the undiluted solution to be tested* treated cells 
with saline, and treated cells with serum, respectively, were included in such tests. 

EXPERIMENTAL RESULTS 

Study of Sera . — Table I presents the results obtained in the examination of 
various active sera. 


TABLE I 


Agglutination of Sensitized Red Cells by the Sera of Rabbits Injected with BCG 
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Sera 1, 2, and 3 were drawn from rabbits which had received 8 weeks previously one single 
intravenous injection of 0.2 mg. of a living culture of a strain of BCG identified as BCG 317 
(7). Sera 4, 5, and 6 were drawn from rabbits injected according to a different schedule: 
the animals were injected by the intravenous route with 0.2 mg. of a living culture of the 
same strain of BCG and were allowed to rest for 5 weeks; then three weekly injections of 
0.02 mg. of the same culture in 1 cc. of saline were made into the left heart in order to distrib- 
ute the bacilli into parts of the body other the lung. 

The data presented show that the titres of antibody against the treated red 
cells were consistently and significantly higher in the rabbits repeatedly in- 
jected with tubercle bacilli. 

In Table II are recorded the results obtained with the sera of some patients 
with active pulmonary tuberculosis. No correlation has vet been attempted 
between the degree of activity of the disease and the litre of the serum in the 
hemagglutination test, but it is evident that all the patients tested had titres 
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of 1:8 or higher; that is to say, they possessed antibodies capable of agglutinat- 
ing the sensitized red cells. One additional serum from a patient with miliaiy 
tuberculosis, made available to us by Dr. Walsh McDermott of the New 
York Hospital, had a titrc of 1:256. 

Some evidence has been obtained for the specificity of the hemagglutination 
reaction by testing red cells treated with the extract of tubercle bacilli against 
the sera of experimental animals which had been immunized with other micro- 
organisms: 1 Pneumococcus Type I, Pneumococcus Type III, Pneumococcus 
Type XIV, FriedUmcler bacilli types B and C, and Flcxner dysentery bacilli 
types X and Y. There were weak cross-reactions with Friedliinder antisera 
which gave doubtful agglutination at 1:2 dilutions of serum; these reactions 
can be considered insignificant. There were also weak reactions with high 

TABLE II 


Agglutination of Sanitized Red Cells by the Sera of Tuberculous Patients 


Dilutions of 
sera in saline 
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titred Pneumococcus Type XIV antisera, both from the horse and from the 
rabbit; these were not marked, and appeared only in the dilution below 1:32. 

Table III gives further evidence for the specificity of the reaction. Serum 1 
was a pool of sera from 10 to 20 individuals all giving strongly positive Wasscr- 
mann reactions for syphilis; 1 it is probable that many of these individuals were 
tuberculin-positive, but there was no evidence that any of them had active 
tuberculous disease. The pooled serum was also investigated for its ability, 
at a dilution of 1:4, to inhibit specific hemagglutination by a selected active 
serum, but there was no evidence of such inhibitory activity. Sera 2, 3, 4, and 
5 were from patients with or convalescing from acute streptococcal infections. 3 

1 Kindly supplied for our use by Dr. Walthcr Goebel and Dr. Frank Horsfall of the Rocke- 
feller Institute. 

5 This pool was generously supplied by Dr. Widclock of the Serology Laboratories of the 
New York City Department of Health. 

3 Made available through the kindness of Dr. Sidney Rothbard of the Hospital of the 
Rockefeller Institute. 
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Sera 6, 7, 8, 9, and 10 were from tuberculin-negative student nurses at the 
New York Hospital. 4 Serum 11 was from a tuberculin-positive individual who 
had been working for many months with living tubercle bacilli but had no 
evidence of active disease. As will be noted from the results presented in 
Table HI, none of these sera gave titres higher than 1:4 in the hemagglutina- 
tion test. 

Study of An ligeit . — Material from the tubercle bacillus which sensitizes red 
cells to agglutination in tuberculous antisera has been demonstrated to be 
present in at least one preparation of old tuberculin. Thus, one sample of 
Gilliland 0. T. (Wyeth), which had been steamed for many hours during prep- 
aration, was observed to be as effective in sensitizing sheep erythrocytes as 
the extract described here. One ml. of this deglycerinated 0. T. 5 was capable 


TABLE m 


Agglutination of Sensitized Red Cells by Ike Sera of Non-Tubcrculous Individuals 
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of sensitizing completely 0.025 cc. of washed packed sheep erythrocytes to such 
an extent that they were agglutinated in the same way and to the same titre in 
an anti-BCG hyperimmune serum (No. 734) as were the cells of the same lot 
sensitized by the above described extract of tubercle bacilli. This fact shows 
that at least one substance responsible for sensitization is heat-stable and is 
present in the culture filtrate of cultures of mammalian tubercle bacilli. 

Additional experiments were performed in an attempt to determine whether 
active material was present in the carbohydrate or in the protein fraction of the 
bacillary extracts and culture filtrates. Serial dilutions of these fractions were 
made in saline and were tested for their relative ability to inhibit specific 
hemagglutination of red cells sensitized by the extract of H37Rv. Table IV 
reveals the results of these experiments. Extract fraction 1 was the crude 
aqueous extract described in this paper. Extract fraction 2 was an aliquot of 


* Made available through the kindness of Dr. F. Lansdown and Dr. C. 
the New York Hospital. 

* Available through the courtesy cf Dr. Merrill Chase o' the Rockefeller 
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the same extract from which most of the protein had been removed by acidifi- 
cation with dilute IiCl and repeated shaking with chloroform and isoamyl 
alcohol (S) until there was very little material at the chloroform-water inter- 
phase after centrifugation. It is evident that this procedure failed to decrease 
significantly the ability of the extract to inhibit specific hemagglutination even 
by a low dilution of antiserum. 


TABLE IV 

Inhibition of Specific neinagifutinatwn by Extracts and Fractions of Tubercle Bacilli 
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•Tested against 1:10 dilution of BCG rabbit antiserum 735, absorbed with untreated 
red cells. 

t Tested against 1:320 dilution of BCG rabbit antiserum 735, absorbed with untreated 
red cells. 

§ Tested against 1:320 dilution of BCG rabbit antiserum 734, absorbed with untreated 
red cells. 

Unheated culture filtrate fractions 3 and 4, made available for our use by 
Dr. Janet McCarter Woolley, had been defined chemically as follows. Fraction 
3 was known to contain only very little polysaccharide and approximately 
20y/0.4 cc. of tuberculoprotein as determined by non-nucleic acid nitrogen 
content. Fraction 4, on the contrary, contained approximately 20y/0.4 cc. of 
tuberculopolysaccharide and no more than one part of tuberculoprotein to 19 
parts of polysaccharide. It is evident that material active in the hemagglutina- 
tion test was in the polysaccharide fraction and that amounts as small as 
O.I67/O.4 cc. of solution could be detected by the technique of specific inhibition 
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o£ hemagglutination. It is dear, also, that it is possible by these techniques to 
standardize a solution of any extract or product of the culture filtrates of 
tubercle bacilli, with respect to activity in sensitizing sheep erythrocytes for 
the specific hemagglutination test. 

The Use of an Avirulent Culture of Tubercle Bacilli for the Preparation of 
Sensitised Sheep Erythrocytes .— The avirulent variant, H37Ra (8), of the viru- 
lent strain, H37Rv, has been investigated for its ability' to yield material capable 
of sensitizing sheep erythrocytes and to inhibit the specific hemagglutination 
of erythrocytes treated with the extract of H37Rv. No significant dif- 
ferences of a qualitative nature have, thus far, been detected in these respects be- 
tween the two variant strains by the use of the high titred experimental animal 
sera or of sera of tuberculous patients. 

> DISCUSSION' 

The observations described show that at least one heat-stable component 
present in a polysaccharide fraction of the tubercle bacillus, can be adsorbed 
onto sheep erythrocytes, rendering them specifically agglutinable by antibody 
directed against the adsorbed material. The antibody responsible for this 
hemagglutination test drculates in the blood of immunized animals and of 
human beings withactive tuberculosis. The testexhibits ahigh degree of speci- 
ficity and, in particular, does not give rise to any cross-reaction with Wasser- 
mann-positive sera as sometimes occurs in the case of the complement fixation 
reactions in tuberculosis (9). 

The specific hemagglutination reaction can be inhibited by adding the soluble 
reactive antigen to the serum before introducing the sensitized red cells into the 
system. Under these circumstances the soluble antigen, if present in sufficient 
amount, combines with its corresponding antibody and prevents it from aggluti- 
nating the sensitized erythrocytes. Thus this inhibition test, when utilized 
together with the agglutination test proper, permits the detection and quantita- 
tion of very’ small amounts of the sensitizing antigen, as repeated observations 
have shown. It will be interesting to test whether this technique permits the 
detection of specific antigen circulating in vivo. 

SUMMARY 

A hemagglutination reaction has been described between sheep erythrocytes 
treated with a component of a polysaccharide fraction of mammalian tubercle 
bacilli and the sera of experimental animals or of tuberculous patients. 

Evidence has been presented for the specificity of this reaction. A modifi- 
cation of the test, involving an inhibition reaction, has been developed for the 
detection and quantitation of minute amounts of the material responsible for 
the hemagglutination reaction. 
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In previous papers from this laboratory (1) experiments have been described 
which were made to learn how soon in the life of the organism cells possess the 
ability to become tumor cells. The neoplastic potentialities of various mouse 
embryo tissues, procured in the latter half of gestation, were tested by trans- 
planting them to adults, together with methylcholanthrene. Tumors arose 
swiftly and in great diversity, yet it was questionable whether the cells exposed 
to the carcinogen were still in the embryonic state when they underwent neo- 
plastic change, since the interval before the growths first became perceptible 
somewhat exceeded the time until birth, had the embryos been left undisturbed. 
If it had been possible to utilize the cells of very young embryos perhaps tumors 
could have been obtained within this period, but they did not survive the req- 
uisite exposure to methylcholanthrene, even when this was circumspectly in- 
jected into the “beads” along the uterus. Obviously for a decisive test of the 
neoplastic potentialities of embryo cells these must be exposed in ulero to a 
carcinogen acting so speedily that its neoplastic effects will be evident almost 
at once. Recent authors who have produced pathological changes in mouse 
embryos with the Roentgen rays (2) have made no mention of tumor forma- 
tion, and the polycylic hydrocarbons fail to pass the placenta in effective 
quantity. It was recalled however that the injection of the highly diffusible 
hypnotic, urethane, into adult mice of strains liable to pulmonary adenomas in 
old age causes these growths to appear earlier than usual and in much greater 
number (3). We had employed such a strain of animals when testing with 
methylcholanthrene the neoplastic potentialities of transplanted fragments of 
embryo lung, and had noted that multiple adenomas formed within 2 to 3 
weeks (4). Consequently urethane was now injected repeatedly into pregnant 
females, and their offspring were searched for adenomas. These were some- 
times visible in 3-day-old animals, and often had attained a considerable size 
within 10 days, none appearing in controls. Tire urethane could have acted 
in u.ero for only a few hours, and it produced no visible damage in the lungs of 

* Reported More the American Association for Cancer Research, March 12, 194S. 
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the embryos exposed to it, which might have served as the basis for neoplastic 
changes occurring secondarily. All went to show that these changes were 
primary and took place prior to birth. 

Law (5) has subjected embryonic tissues to the action of dibenzanthracene, in- 
jecting an olive oil solution of it directly into the amniotic sac of mouse embryos at the 
15th day of gestation. The animals were killed when 200 days old on the average, 
and nearly all had lung tumors, in most cases multiple. While some of the growths 
may have been malignant the context of Law’s paper indicates that the great majority 
were adenomas. Tire only other tumor developing was a fibrosarcoma of the skull in 
one instance. 

Larsen has lately reported the presence of induced pulmonary adenomas in the 6- 
months-old offspring of A strain mice receiving urethane while pregnant (6). The 
work now described was done without knowledge of his. He found that urethane gave 
rise to few tumors in the young unless injected into the mother animals during the 
last 24 hours before parturition, and he noted that these latter showed many more 
growths than their young when all were examined together. His revealing observa- 
tions will be considered in detail further on. 

Materials and Methods 

Mice of the C strain were mainly employed, ns in the previous tests with 
transplanted embryo tissue. A large colony of the animals was available. In 
corollary several experiments were carried out with A mice raised in our lab- 
oratory. 

The number of adenomas induced by urethane in adult mice is directly proportionate to 
the amount of the substance given (7). Ilcncc it was injected into most of the pregnant 
females on several successive days, to a maximum of six, and in the greatest tolerable quantity. 
The precise duration of pregnancy was determined by the vaginal plug method in many 
instances, but palpation was relied upon in the majority to gain an idea of the age of the 
embryos. The injections were frequently begun ns soon as these had pulmonary tissue for 
the urethane to act upon, that is to say round about the 12th day of gestation, 1 since our 
aim was to induce neoplastic changes as early as possible. Most of the females injected at 
that time either died or aborted as the injections were repeated, and our data have been 
procured in the main from those nearer terra. Adult mice arc known to differ widely in 
their tolerance of urethane. 

At each injection the pregnant animal received, irrespective of its weight, 0.3 cc. of a 10 
per cent solution of urethane in the subcutaneous tissue of the back. This produced 1 to 3 
hours of apparent unconsciousness. The solution was very hypertonic because through a 
technical lapse the urethane had been dissolved in 0.9 per cent salt solution. Water bottles 
were used to supplement the fluid obtained from the diet of bread, milk, and lettuce. Not a 
few of the young born after the usual 21 days of gestation were puny and far below the normal 
weight, and these got their hair late and grew but slowly during several weeks. Ultimately 

1 We have been unable to find any account of when the lungs begin to form in the mouse. 
They are recognizable in embryos 12 days old. The tracheal anlagc can then be seen push- 
ing out from the foregut and ballooning into lung buds with primitive bronchi. It would be 
difficult to identify the lungs previous to this stage. 
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many litters were obtained however which resembled most of the controls in weight and 

vigor. . 

Some of the injected females were hilled on the 18th to 20th day of gestation, and others 
on the 20th or 21st day, or when delivery had begun, in order to procure lungs which had not 
been exposed to postnatal influences. If the fetuses failed to breathe after removal from the 
uterus respiration was stimulated by dropping them repeatedly from a height of a few centi- 
meters*, and after they had taken a few breaths the chest was opened widely by lateral cuts, 
a flap including the sternum was everted, and the whole creature was plunged into add 
Zenker’s solution, for fixation of the pulmonary tissue in situ- Day-old mice were chilled 
in an ice box until insensible, and their lungs were fixed by the same procedure. Three-day- 
and 10-day-old young were killed by pushing in the cranium, after which a cord, already 
placed around the neck, was quickly tightened to prevent any aspiration of blood. The 
lungs were then dissected out and fixed as usual. By these procedures well distended pul- 
monary tissue was obtained, in which tiny adenomas could readily be perceived with the 
microscope. iMice 15 days old or older were chloroformed and the lungs were allowed to 
collapse to some extent prior to fixation, in order to Teduce the number of sections to be ex- 
amined. When the litters were large some of their members were killed 1 or 3 days after 
birth, in order to render the conditions more favorable to development of adenomas in the 
others; for the occurrence of these growths in adult mice is largely dependent upon sufficient 
food (8). Three groups of young animals, 3 days, 10 days, and 60 to 70 days old respectively, 
were searched intensively for adenomas, together with the appropriate controls. Many of 
the mother animals were killed and examined at the same time as their last surviving young. 

Not a few of the 60 to 70-day-old offspring of urethanized mice had adenomas visible in 
the gross on the pleural surface, whereas none of the controls had any. They could not be 
seen on the pleura of 10-day-old animals, even at a magnification of X 17, and hence the lungs 
of these and of 3-day- and 1-day-old individuals were searched in toto in serial sections 7.5 fi 
thick, as were also those of fetuses near term. The pulmonary tissue of certain of the older 
animals was searched in the same way, notably when the incidence of tumors in mothers and 
young was to be compared. The searching was done, section by section, at a magnification 
of 120 diameters in the case of mice 10 to 70 days old, and at 180 diameters in that of younger 
creatures. This serial scrutiny proved crucial in the case of adenomas just forming, because 
they were often simulated in individual sections by cell groups cut through at the bend of a 
blood vessel or bronchiole, or were mimicked by pleural infoldings. 

The choice of stains, methylene blue and eosin, proved fortunate, for they made the tinv 
adenomas of young animals stand out from their surroundings, ordinary* lung parenchyma 
appearing purplish-pink save for the nuclei, whereas the adenoma cells were basophilic, 
sky blue to dark blue, according to the intensity of the staining. 

Findings in the 60 to 70-Day-Old Offspring of Urclhanizcd Mothers 

Pure breeds of mice differ widely in their liability to spontaneous adenomas. 
These appear soonest and are most frequent in animals of the A strain, the C 
strain ranking next but far behind. Andervont found them in 20 to 30 per 
cent of C mice over a year old (9), as nodules visible in the gross on the pleural 
surface, the “peripheral index”; but in our colony they almost never mani- 
fest themselves in this way in individuals less than 9 months old, much older 
ones often showing none. They are nearly always solitary. No one has 
tested the response ot C animals to urethane, but to methvlcholanthrene it 
is notably slow. The tumors were still absent from Shimkms animals 13 
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weeks after an intravenous injection of this hydrocarbon, and there were only 
4 to a mouse after 20 weeks, whereas in adults of the A strain they averaged 25 
to an animal after 6 weeks, 31 after 13 weeks, and 47 after 20 weeks (10). 

These findings gave no ground for the supposition that urethane would pro- 
duce adenomas swiftly in the offspring of urcthanizcd C mice; only their pres- 
ence in implants of embryo tissue which had been acted upon by methylchol- 
anlhrcnc made early examination of the young seem worth while. In serial 
sections of the lungs of a 30-day-old animal of the first litter from a urcthanizcd 
mother a typical adenoma was encountered, and in the other mouse of this litter, 
killed 60 days after birth, there was a growth on the pleural surface visible to the 
unaided eve. Consequently we now set aside many newborn mice and examined 
them in the gross 60 to 70 days later. The controls were in general killed when 
slightly older, mostly after 70 to 100 days, which tipped the scales somewhat in 
their favor because the longer a mouse lives the greater is the likelihood that 
adenomas will appear spontaneously. In a total of 97 controls examined when 
60 to 104 days old, no tumor was to be seen on the pleural surface, whereas 
adenomas were present in 21 of 80 individuals 60 to 70 days old from urcthan- 
ized mothers, — just such tumors both in the gross and microscopically, as 
develop spontaneously in adults. They averaged a millimeter in diameter, but 
a few were as much as 2 mm. across, and in occasional individuals two or three of 
them were present. The lungs were remarkably free from equivocal nodules. 

In one young animal out of a group of seven killed when 30 days old, from 
four litters born to urcthanizcd females, an adenoma had developed that was 
visible in the gross. Its character was confirmed with the microscope. 

The Growths in Mice 10 Days and 3 Days Old 

Adenomas proved fairly frequent on microscopic examination of the lungs 
of 15-day-old animals from urcthanizcd mothers, and hence an intensive search 
was made for them in serial sections from still younger individuals. Tables 
1 and 2 give the findings in groups 10 days and 3 days old respectively. It will 
be seen that 10 out of 16 of the 10-day-old sucklings iiad adenomas, in some 
cases two or three. In none of the lungs from 16 control animals 10 days old 
was any structure found that could be classed as an adenoma with certainty, 
though the organs were searched in serial sections with equal care. 

Only characteristic adenomas (Figs. 1-3) have been given place in Tabic 1, of 10-day 
sucklings. Some were surprisingly large, as much ns 0.2 mm. across, and not infrequently 
compression or tlic adjacent parenchyma attested to their rapid growth 5 (Fig. 1). They had a 

5 Some authors have remarked upon the fact that the induced or spontaneous adenomas 
of adult mice seem to be mostly situated at the pleural surface; but of the 15 adenomas found 
in animals 10 days old nine were well down in the parenchyma. It was noteworthy in this 
relation that the pulmonary tissue next the biggest tumors frequently showed compression 
on the side toward the pleura (Fig. 1), and occasionally there was an outward bulge over 
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close general resemblance to the adenomas arising spontaneously in adult C animals and those 
induced in A mice with methylchnlanthrcne or urethane, and like them were cither wholly 
glandular (Fig. 3) or partially compact (o, II) (Fig. 2), their older central portion then being 
adenomatous. At some marginal spots the neoplastic cells formed a single layer on the 
walls of alveoli, as if extending along them with local heapings up. 

Although the growths could easily be distinguished for what they were,— a 
recognition validated by study of the specimens from mice killed in later weeks, 
— they differed significantly in detail from the adenomas of adults. This 
matter will be considered further on. 

To recognize the tumors in 3-day-old animals proved more difficult. Only- 
three out of 10 of them had indubitable adenomas (Table 2), a single growth in 
each instance, but three others had what seemed to he early stages, wholly re- 
sembling those reported by Ncttlcship, Hcnshaw, and Meyer as appearing in 
urcthanized adult mice (3), and comprehensively' described by Grady and 
Stewart in their study' of how adenomas come about after the intravenous in- 
jection of a colloidal suspension of mcthylcholanthrcnc (11). 

The tumors were much less well developed than in the 10-day animals, ns would follow from 
the brevity of the interval since the first urethane injection. The largest was found in the 
individual surviving for the longest time after the first injection of the mother (14 days), the 
next largest after the next longest time (11 days), while in the case of the least advanced 
growth only 10 days had elapsed. The largest (Figs. 4 and 5) lay deep in the lung, was 
markedly basophilic, and stood out sharply from the surrounding parenchyma. It consisted 
of the characteristic cuboidal cells, enclosing nnd partially filling a number of small spaces. 
A venule lay amidst it, ns frequently happens in the forming adenomas of adults. It 
appeared multiccntric where cut across, and its aspect suggested an origin from bronchiolar 
epithelium, but serial sections proved it to be n single growth lying well away from any 
bronchus or bronchiole. The lining of these latter stnined a much paler blue. 

Fig 6 shows the subplcural situation and discrete character of the growth found 1 1 days 
after the first exposure of the mother to urethane, and Fig. 7 reveals its characteristic mor- 
phology-. Its cells arc ranged in the usual single layer about small “acinar” spaces, and 
already it protrudes from the pleural surface. The parenchyma round about looks normal; 
as yet the cells lining the alveoli have undergone little flattening. 

x The 3-day-old animal which showed a growth only 10 days after the first giving of urethane 
had six litter mates and four of these were let live until 10 days after their birth, that is to 
say until 17 days after the first injection. Two iiad then a well developed adenoma each 
(Figs. 1 and 3), and a third had two of them (Tnblc 1, offspring of mother IV). The growth 
in the 3-day-old animal consisted of a dump of cells, for the most part compact but covering 
part of an adjacent alveolar wall with a single layer (Fig. 10). They were sharply set off 
from their surroundings by their strong blue color and large, round, vesicular nuclei (Fig. 9). 
Mitoses were present. The dump had no direct connection with the epithelium of any 
bronchiole but lay well down in the parenchyma, and there was no cellular reaction round 
about it. 

growths situated at some distance beneath it. The inference seems justified that a consider- 
able proportion of the adenomas visible on the pleural surface of adult mice reach the surface 
secondarily as result of local pressure conditions ns well as of enlargement. There is no need 
to invoke local differences in tlieir initial distribution in the lung tissue. 
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The lungs of three other 3-day-old mice contained small discrete clumps of markedly 
basophilic cells with round, vesicular nuclei. They were solitary, and were situated in or on 
the wall of an alveolus. The instance pictured (Fig. 8) came from a sixth anim al of the litter 
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few cells. And in fact no indubitable adenomas have been come upon in 10 
animals (from three litters) which were killed within 24 hours after birth, or in 
14 embryos (from four litters) 18 to 20 days along. All the mothers had re- 
ceived six injections of urethane, — the last of them 1 to 3 days before parturi- 
tion in the case of the young that came to term. 

The lungs of mice less than 24 hours old have an alveolar lining that is but 
little flattened as yet, and often they are still partly atelectatic, a state of 
affairs rendering the recognition of adenomas almost impossible, as Tyzzer 
noted in his classical study of these growths in adults (12) . The cells lining the 
alveoli of fetuses near term are basophilic and cuboidal, with round, vesicular 
nuclei, in other words closely resemble the cells of adenomas. It would mani- 
festly be impossible to discern minute growths of this sort if situated in the 
parenchyma, but if they lay next the pleura or bulged it outward they might be 
perceived; and we have found what appears to be a forming growth (Figs. 11 
and 12) in one of four fetuses removed from a female on the day after the last 
of six injections of urethane. 

The mother animal had been selected by palpation as in mid-pregnancy, and hence the 
age of her fetuses was not precisely known; but the development of their lungs indicated that 
they were dose to term, though they were only 22 mm. long as compared with 24 to 2S mm. 
tor newborn mice from normal mothers. Mention has already been'madc of the frequent 
stunting eGect of urethane on the embryos. Figs. 11 and 12 show that the problematic 
growth was discrete, bulging the pleura outwards, and that it consisted of cells with vesicular 
nudei, ranged about an acinar (?) space. Nothing like it was found in the lungs of the other 
embryos, induding three from the same litter, nor in those of any of the newborn mice. 

The Findings in Sucklings of the A Strain 

As already stated, adult mice of the A strain are far more liable to sponta- 
neous adenomas than are those of the C breed (9), while furthermore the growths 
can be induced much more readily with methylcholanthrene (10). Hence we 
supposed that the offspring of urethanized A females might develop them earlier 
and in relatively great number. But on test an obstacle was met: the A 
animals injected during the latter half of pregnancy did very badly although 
much bigger than Cs at this time, and though only the standard amount of 
urethane (0.3 cc.) was given. Those receiving six injections either died or 
aborted or ate their young at birth, and so too with most of the mice which had 
four or five injections, the few that survived being so close to term at the time 
of the last as to give birth to their young on the day afterwards, — as did also the 
only animal that received three injections. It follows that the total interval be- 
tween the first exposure of the young in vicro to urethane and examination of 
them 3 days and 10 days after birth was, 7 to 9 days and 14 to 16 days respec- 
tively, that is to say was shorter than in the case of C mice. Furthermore the 
embryos had been exposed to much less urethane, both because of the fewer 
injections and because of the large bulk of the mother. Whether for these 
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reasons or no, the growths have been infrequent and tiny in individuals 10 days 
old (Figs. 13-15), actually comparable with those in 3-day-old C mice. For 
this reason no extensive study has been made of them. None was found in 
several A animals examined when 3 days old. 

The Early Stages of Adenoma Formation 

As already remarked, the early stages of the growths resembled those ob- 
served in adult mice given urethane or methylcholanthrene (3, 11). 

First seen in the parenchyma were occasional discrete clumps of cuboidal or rounded cells 
situated in or on the w alls of alveoli (Fig. 8), and with cytoplasm that stained an intense blue, 
sometimes very dark, contrasting so sharply with the hue of the normal parenchyma as to 
attract attention at low magnification. These cells had round or slightly oval vesicular 
nuclei, unlike those of ordinary alveolar elements, which are mostly dense, almost pyknotic, 
and more or less oblong. The clumps seemed punctate in origin and almost devoid of capil- 
laries, unlike the richly vascularized alveolar tissue about them; yet their components looked 
very active. The growths of Figs. 9, 10, and IS represent the earliest stage at which an ade- 
noma gave definite signs of what it was. Here the cells have heaped up into a compact mass, 
but in Fig. 10 an adjacent alveolus is partly lined with them; mitotic figures can be seen. The 
tiny growth of Figs. 6 and 7 looks as if it had been adenomatous from the first. The tumor 
of Figs. 4 and 5 is expressive of further development. None of the growths was multicentric. 


In late fetuses and sucklings up to 10 days old, of both the C and A breeds, spherical or 
discoid aggregates of cells were frequently found just beneath the pleura, which were at first 
taken for compact adenomas, and with the more reason because of the frequency with which 
the growths are found in this situation. They occurred irrespective of whether the mother 
had received urethane, and consisted of more or less cuboidal elements with round vesicular 
nuclei and cytoplasm staining blue, — cells not to be distinguished individually from those of 
adenomas. Sometimes the aggregates were spherical, lying tangential to the pleura amidst 
the lung substance, but more often they were discoid and protruded on its surface. " Mitotic 
figures were frequent in them, far more so than in the lung parenchyma round about; and 
often the cells partially filled adjoining alveolar spaces. But it was noted tha t some of the 
masses, though appearing spherical in cross-section, were really fusiform, running through many 
sections, and furthermore that a thin membrane formed by reduplication of the pleura was 
attached to the surface cither over them or near by; and the fact became evident that the 
masses were mere “mooring clumps” for membranes joining one lobe of the lung looselv to 
another. Fig. 10 shows a characteristic example. Frequently the clumps were situated at 
the sharp edge of a lobe or next it, that is to say at sites where adenomas are prone to occur; 
but now and then one was on the shoulder of a lobe or its rounded convexity. Occasionally 
a small lenticular mass of blue-staining cells like those composing a mooring clump was to be 
seen dosed in between the layers of the membrane, well away from the)ung surface. Even 
where the cells of a dump filled alveolar spaces, they were never ranged in the glandular 
pattern of mature adenomas; vet the fact remains that if no membrane had been attached 
next them they could not have been distinguished with certaintv from compact tumors of 
such kind. For this reason we have accepted no subplcural growth as an adenoma unless it 
had typ-.cal features, and hence undoubtedly some have been omitted from Tables 1 and 
-■ .c p. cural nodule oi Figs. 11 and 12 lay on the convcxitv of a lobe, had no membrane 
inserted over it. and an adnus seemed to have formed within it; vet because of the existence 
o. “mooring dumps" its status is problematic. These arc not infrequent in embryos. 
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Solitary, almost spherical giant cells 30 to 40 n across, containing two or three vesicular 
nuclei, were present now and again on the alveolar walls of 3-day and 10-day animals, never 
more than two or three of them to a lung. None was found where adenomas were forming, 
and they seemed to have no relation to this process. ■ Quite often in both C and A sucklings,— 
from control as well as urethanized mothers, — there were what may be called “polymorpho- 
nuclear balls,” — small, sharply demarcated, spherical aggregates of cells staining blue like 
adenoma cells, but with nuclei of horseshoe shape or resembling those of the blood polymor- 
phonuclears, though coarser and less pyknotic. The cells had no granules, showed no division 
figures, and the balls formed of them appeared in excellent state, without sign of central 
necrosis. Usually they lay just outside some capillary in the alveolar wall, which appeared 
patent and normal. Wholly different in aspect from adenomas, their significance is not 
clear and their ultimate fate has not been traced. None has been come upon in embryos. 

The Findings in Control Animals 

It is singular that the literature contains no observations on how soon spon- 
taneous adenomas begin to form. The scarcity of mitoses when they first come 
to attention in adult mice makes plain that their recent growth lias been exceed- 
ingly slow, and it may well be that they originate early in life. Hence our 
diligent search for them in the control young of the present work, — the more 
careful because the tumors would doubtless be small, and perhaps solitary. 

The lungs of one of 13 normal C mice 3 days old, examined in lolo section by section, had a 
discreteciump of dark blue cells, in the parenchyma far from any bronchiole (Fig.22);but both 
the cells and their nuclei were smaller and denser than those of the adenomas found at this 
time in the offspring of urethanized females. In another control mouse 3 days old several 
adjacent alveoli were almost filled with clumps of blue cells. Their nuclei were smaller than 
ordinary and oblong in some instances, yet the resemblance to a forming adenoma was great 
and at one spot the cells were ranked in two parallel rows (Fig. 23), as often happens in such 
growths. In the lungs of three out of 16 normal animals 10 days old small compact clumps 
have been found of basophilic ceils wholly resembling the one pictured in Fig. 8 as coming 
from a 3-day-old mouse of an urethanized mother. There was only one such clump in each 
animal. 

In sum, the findings give some support to the possibility that adenoma cells 
may have been present in the pulmonary tissue of the young normal mice. 
Their existence could not have been excluded in any case, since it would be im- 
possible to identify them if scattered singly. This much is certain however, 
that the lungs of the controls contained no adenomas identifiable as such. 

Origin of the Adenomas 

Some workers are convinced that the adenomas called forth by urethane in 
adult mice arise on the basis of chronic inflammation of the pulmonary tissue, 
due either to the substance itself or to intercurrent infection. No sign of any 
such course of events has been observed in the young animals of the present 
work. Orr believes that the preliminary inflammation may have disappeared 
by the time the adenoma is well formed (13). 
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Urethane is known to produce ascites and to cause injury to several organs, largely in 
consequence of capillary damage. Orr reported that it set up chronic pulmonary inflamma- 
tion in the outbred stock mice employed in his experiments, and Winchester and Higgins 
(14) found that it induced more or less pulmonary edema in animals of the C strain. The 
quantity of urethane injected into the pregnant females of the present work frequently ex- 
ceeded the tolerable maximum, many of them dying; and often the fetuses and young of the 
surviving animals were abnormally small, as already mentioned, while occasionally the de- 
velopment of the lungs seemed retarded; yet nowhere were any local cellular anomalies 
other than adenomatous change perceptible in the pulmonary tissue. Furthermore there was 
no cellular reaction about the forming growths, as the figures sufficiently demonstrate. 

The lungs providing material for the conclusion that adenomas are secondary' to inflam- 
mation have generally' been the subject of consolidating infections. The C strain is no ex- 
ception in this latter respect. Mature animals of our colony often develop a consolidation 
which slowly involves most of the pulmonary tissue and eventually proves fatal- The disease 
is obviously infectious, spreading rapidly amongst cage-mates; but its cause is still undeter- 
mined. The lesions it produces have no resemblance to adenomas. The bronchioles seem 
to be first affected, cellular exudate accumulating within some of them; more and more are 
implicated; large and small mononuclear cells accumulate round about them and about the 
blood vessels; and the alveoli become filled with swollen, desquamated elements. The gross 
result is consolidation. In all these respects the findings are like those in the “grey virus 
disease” described by Andrewes (15). Some of the urethanized mother animals, killed with 
their young 60 or 70 days after parturition, had developed the malady and hence were dis- 
carded together with their offspring, but the lungs of the great majority appeared normal, 
save for adenomas, and those of the embryos examined and of the 1-day- and 3-day-old suck- 
lings gave no microscopic evidence of the disease. In a single 10-dav-old animal its begin- 
nings were found. 

Manifestly the best method to determine whether the consolidating disease prepared the 
way for the adenomas was to try to induce the latter in the young of a breed with healthy 
lungs. This was one reason for the tests of A mice. Our colony of them is remarkably 
free from pulmonary inflammations and the “lung disease” in special has never been 
found. Nevertheless adenomas arose in the young of females urethanized while pregnant. 
There was no cellular reaction about the growths (Figs. 13-15). 

These facts, considered with what has already been said, prove that the 
adenomas induced in young mice were not secondary to pulmonary inflamma- 
tion but primary in origin. Nettleship, Henshaw, and Larsen decided that the 
growths they induced with urethane in adult animals ordinarily arose from 
tissue which had undergone “little or no injury'/’ and Grady' and Stewart found 
no trace of preliminary pulmonary disorder in connection with the early' stages 
of the adenomas due to methyflcholanthrene. 

Derivation of the Growths 

Opinions have differed widely on whether pulmonary adenomas originate 
from alveolar cells or from the epithelium of the bronchial tree. None of the 
growths in sucklings had any direct connection with this latter; they were 
everywhere surrounded by parenchyma. All were arising.’or appeared to have 
arisen, either from the alveolar wall or from elements of alveolar character lying 
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next the, pleura, and the resemblance to bronchial epithelium was but slight. 
In the mother animals on the other hand, examined 70 days after parturition 
but of indeterminate age, and doubtless having in some instances "spontaneous” 
adenomas antedating the urethane injections, growths were not infrequently 
encountered which were composed of elements like those lining the small bron- 
chioles (Fig. 17) and staining nearly as pink. The morphological resemblance 
was complete, except that the tumor cells were seldom markedly cylindrical, a 
difference which might have been consequent on pressure factors. In both 
instances a large proportion of the nuclei were round or slightly oval, and vesic- 
ular, as in the growths of sucklings, but many others were oval or oblong and 
almost pyknotic, often notably big and sometimes then with much more cyto- 
plasm than usual about them. Wien oblong they were frequently ranked with 
their long axes parallel. All gradations between the two types were present. 
The resemblance to bronchiolar epithelium can be seen in Fig. 18. The growth 
providing this figure, made for ease of comparison, was exceptional in protrud- 
ing into the lumen of the adjacent bronchiole; but other adenomas with identi- 
cal features (Fig. 19) were wholly isolated amidst the lung parenchyma, as 
serial sections proved. 

Amount of Exposure to Urethane as Determining the Incidence of Tumors 

In Table 3 are listed all those cases in which the urethanized females were 
examined, as well as their remaining offspring, 60 to 70 days after parturition. 
The age of the females was not known, but they were sturdy multipara, several 
months old at the least, and some must have been well on the way toward 
having “spontaneous” adenomas, as has just been remarked. They, not their 
embryos, bore the immediate brunt of the urethane. On both these grounds 
one might have supposed that they would have had adenomas more often than 
their young, when all were eventually killed. And this was so, 10 of 14 mothers 
showing them in the gross on the pleural surface as compared with 10 of 49 
young. Yet they were few at most in the mothers and usually solitary. Rep- 
etition of the injections had but a slight effect; in only two of five mother 
animals which had received four or six injections were there definitely more 
tumors than in those which had received but one. 

Larsen noted that tire number of adenomas present after 6 months in the 
offspring of A mice receiving urethane while pregnant largely depended upon 
when the substance had been given (6). There were at least five times as many 
when it had been injected during the final 24 hours of gestation as when it had 
been administered earlier, and furthermore every animal had them, instead of 
a large proportion. The reason, Larsen concluded, was that more blood carry- 
ing urethane reached the fetal lungs in the final hours before birth. No such 
differences with time of injection have been perceptible in the present experi- 
ments. The microscopic findings in 10-day-old animals carry some weight in 
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this relation because their entire lungs were examined microscopically. It will 
be seen (Table 1) that the incidence of adenomas in the litters from mothers 
getting six injections of urethane was only dubiously larger when the last had 
been given within 24 hours of parturition than when it had been given 2 or 3 
days previously. The findings in the young killed 60 to 70 days after birth 
stress the same point. The offspring of females receiving four injections, the 
last within 24 hours of parturition, had no more tumors visible in the gross 
than those from mothers receiving the final injection 4 days previously (Table 
3). 

Nor did repetition of the injections into the mothers make adenomas any 
more frequent in the young. Actually the incidence of these growths in the 
offspring of the four mothers receiving urethane only once was considerably 
greater than it was in the young born to the eight animals getting it three to 
six times, seven out of 20 young mice in the first category having tumors 
visible in the gross as compared with four out of 22 in the second. 

Mention has been made of the fact that a large proportion of the pregnant 
mice receiving urethane several times did badly and gave birth to young that 
were far under weight. Here was a possible reason for the differences just 
brought out. For Tannenbaum has shown that the appearance of spontaneous 
adenomas in adult animals can be checked or even prevented by underfeeding 
them (8) ; and the offspring of mothers getting urethane three to six times might . 
have been more poorly nourished than those from females receiving it only once. 
But all the young of Table 3 appeared healthy when they were killed 60 to 70 
days after birth, and while some were unusually small the two groups did not 
differ significantly. Of course early differences crucial to the development of 
adenomas might have been ironed out by this time, but the findings in the 
10-day-old mice of Table 1 speak against the influence of any such differences. 
It will be seen from the weights there given that the individual with most 
growths (offspring of mother V) was the smallest of the seven killed 17 days 
after a single injection of urethane into the mother, — weighing 4 gm. as com- 
pared with a maximum of 7 gm. An animal having three peripheral adenomas, 
each a millimeter across when it was killed 72 days after birth from a female 
repeatedly injected with urethane weighed only 13 gm. at this time instead of 
the normal 20 to 24 gm., and it had weighed only 2.8 gm. when 10 days old and 
been almost devoid of hair then. It is not listed in Table 3 because its 
mother was not examined at the same time. 

A better reason why repetition of the injections failed to result in more . 
growths is perhaps to be had in the difficulty of inducing adenomas in adult 
animals of the C strain. No previous observations wdth urethane are on rec- 
ord, but methylcholanthrene gives rise to the growths very slowly in C mice, 
as already mentioned, and the number is small for a long time. Only toward 
the 20th week after intravenous injection of the hydrocarbon did they appear 
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in Shi mkin ’s test, whereas in A mice there were more than 24 to an animal by 
the 6th week (10) . They were never many in our C animals,' and hence chance 
must have entered Jargely into the gross findings of Table 3. Yet the results 
cannot be wholly accounted for on the basis of these facts. The C embryos 
exposed to urethane in the mothers receiving but a single injection of it proved 
so responsive that adenomas followed in a large proportion of instances (Table 
3), the growths arising very rapidly (Tables 1 and 2). Multiple injections 
failed to elicit them in any greater number. One injection into two pregnant 
females 2 days before parturition resulted in adenomas in six of their nine off- 
spring, whereas three and four injections into five mothers, the last given within 
the final 24 hours of gestation, yielded growths in only two of 14 young (Table 
3). These data, which go against all experience with adult mice, strongly 
suggest the existence of fitter differences in the potentialities for adenoma for- 
mation. No sex differences were observed. 

One might have supposed that the young of the two females receiving most 
urethane and themselves developing multiple adenomas in consequence 
(mothers K and N, Table 3) would have had growths most frequently. Actu- 
ally their young had none, — at least none visible in the gross on the pleural 
surface. But the pleural index must sometimes be misleading when pulmonary 
tumors are few. Nevertheless Table 3 in its entirety seems to indicate that the 
offspring of individual C mothers developing adenomas in the gross after ure- 
thane injection possessed no greater tendency to such growths than the young 
of females in which none appeared. Using the pleural index Lynch was unable 
to obtain any evidence of a maternal influence on the incidence of pulmonary 
adenomas in tarred mice (16), and Bittner and Little found none in the case of 
the spontaneous growths (17). 

Age as Affecting the Adenomas 

Nearly everyone studying the adenomas of adult mice microscopically, 
whether spontaneous or induced, has remarked upon the scarcity of mitoses. 
\et in the growths of the 10-day sucklings they were so abundant that often 
nearly ever}' section showed them (Fig. 1), five being visible in a single high- 
power field of the microscope in one instance. There were other signs too of 
pronounced cellular activity. The adenomatous pattern was often ill-defined, 
and the individual cells were less differentiated and more basophilic than in the 
growths of adults (Figs. 1 and 2). The nuclei were almost uniform in size, 
round and vesicular, with little chromatin and this mostly marginated; the 
cytoplasm was ' scant. 

The tumorimmals lip.&ther animals killed 60 to 70 days after parturition 
v.ere far more VSl.nca All were frankly adenomatous in arrangement and 
mitoses were few of wholly lacking (Table 4); many of the growths stained 
purp.e and now andthtn the color was pink. Occasionally one consisted 
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entirely of cells with vesicular nuclei like those of 10-day-old mice, but in most 
instances a considerable proportion of the nuclei stained a dark, even, almost 
pyknotic blue (Figs. 17-19), and often then they tended to be relatively large, 
and oval or oblong instead of round. Not infrequently when this was the case 
they had an unusual amount of cytoplasm about them (Fig. 17). Some of the 
cells with these features may have been intrusive, but the majority were 
ranged side by side with the ordinary elements having round, vesicular nuclei, 
and there were all gradations between the two. The differentiation of the 
neoplastic elements, — for such it obviously was, — culminated in cells which 
resembled those lining the bronchioles, though not quite so acidophilic (Fig. 17). 
Often they were in rows like these. 

In sum, it was plain that the adenomas of 10-day-old mice consisted of 
actively multiplying cells, which for that reason, at least in part, were under- 
going but little differentiation, whereas those of the mother animals were in- 
dolent and had largely differentiated. 

A corroboratory indication of these contrasting states was found in the rela- 
tive size of the growths encountered in mothers and young respectively after 60 
tp 70 days. Although the mothers were by then well along toward the age when 
some might have had spontaneous adenomas visible in the gross, and although 
they had received urethane directly, the largest of their tumors were only half 
as big as those in certain of the young (offspring of mothers B and M, Table 3). 
Indeed the average adenoma in these latter was as big as any in the mothers. 
Active proliferation must have kept on during some weeks for them to have 
reached such a size. 

In order to learn whether cell multiplication was still continuing in any im- 
portant degree comparative counts were made of the mitotic figures in some of 
the growths of mothers and young. The undertaking was not comprehensive; 
just enough was done to answer the question posed. The findings are given in 
Table 4. 

It will be seen that no mitoses were present in the two adenomas, each a mil- 
limeter across, of mother M of Table 3, nor any in a smaller growth disclosed on 
serial section of the lungs. There were a few in the 2 mm. adenoma of one of 
the young from this mother, as also in another growth of considerable size 
which lay deep in its lung parenchyma. But evidently cell division had almost 
ceased, and this was the finding also in the notably big adenomas of other young 
animals, the progeny of mothers A and G. Some of the growths in these young 
showed no mitoses whatever, and their maximum frequency was no greater 
than in several of the tumors of mother K. It may b^ c j ng a'de$ iat tIlis animal 
was one of the two which had multiple adenomas vis.;^ ure thanf oss ’ after ^ ie 
repeated injection of urethane, and that none of her j^ ery . _■ mg showed any 
tumors (Table 3). • • 

The conclusion seems warranted that proliferative activity in the adenomas 
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TABLE 4 

Mitoses in the Adenomas of C Mice Urelhanizcd While Pregnant and of Their Young 
(Findings in growths present 60 to 70 days after parturition) 
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the tumors of adults. It was marked in some of the biggest adenomas of the 
young (Figs. 20 and 21). Growths in the same individual often differed 
widely in such respect, just as happens in adults. 

DISCUSSION 

The main aim of the present work, like that of other experiments previously 
reported (1), has been to learn whether the cells of embryos possess the ability 
to undergo neoplastic change. On first inspection the facts seem to_ leave no 
doubt of this for the lung, yet they cannot forthwith be accepted as proof. 

First one must know whether the growths appearing in the offspring of 
urethanized mothers are true pulmonary adenomas, and if so, whether the latter 
are really tumors. On both points the answer is yes. The growths have been 
followed through every stage to the form found in adults, and they exhibit the 
familiar, distinctive characters of pulmonary adenomas. All workers with 
these latter are now agreed that they are genuine neoplasms. Both the spon- 
taneous and the induced growths have been transplanted successfully (IS), and 
while some have become carcinomatous on passage others have retained their 
initial traits. Adenomas are the first and most frequent tumors to arise from 
pieces of mouse embryo lung implanted with methylcholanthrene in the leg 
muscles of adults of the C strain (4), and several obtained in this way have been 
transplanted. One has now been propagated in five successive groups of adult 
hosts, and it has retained its original adenomatous morphology although in the 
course of months it forms huge tumors, killing the hosts. So convincing is the 
evidence that the adenomas are genuine neoplasms that we have deemed it un- 
necessary to try to transplant those obtained in sucklings. Doubtless for the 
same reason Larsen has reported no transplantations of the adenomas present 
in 6-months-old A mice from urethanized mothers (6). 

So rapidly is urethane excreted that its direct effect can only have been 
exerted upon the embryos in ulcro, organisms that is to say which are protected 
from many extraneous influences, notably most of the infections. This state of 
affairs has provided opportunity to gain light on several moot points. 

Much uncertainty has existed as to whether the adenomas arise from alveolar 
cells or from bronchial epithelium. Tyzzer, who first studied them compre- 
hensively, concluded that they could be of either origin (12). Those we found 
in sucklings were wholly surrounded by alveolar tissue, and the evidence of 
early stages was all to the effect that they had originated from alveolar elements, 
like those induced in adults by methylcholanthrene (11). None had any direct 
connection with a bronchiole. But needless to say, as an adenoma grows large 
it must often fill the space into which a bronchiole opens and may even project 
into its lumen. The cells of the tumor of Fig. IS, in which this was the case, 
were not joined to those lining the bronchiole, yet a union might on occasion 
take place secondarily since experiment has shown that elements as widely 
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difierent as those of regenerating epidermis and of a carcinoma of prostatic 
origin can join in a layer (19). Furthermore the cells of pulmonary adenomas 
in adults sometimes resemble the epithelial elements lining the bronchioles (Fig. 
17). It seems.likely that these phenomena have provided the grounds for the 
belief that the growths often take origin from the bronchiolar lining —the more 
so as the evidence on this point has been mostly obtained through studies of 
large, well established growths under conditions complicated by bacterial in- 
fection, atelectasis, and consolidation. If adenomas do arise now and again 
from the epithelium of the bronchial tree the occurrence must be highly ex- 
ceptional. 

The derivation of the cells lining the alveolar wall has long been the subject 
of controversy, some investigators holding that they are epidermal in nature 
and others that they are mesodermal (20). The changes taking place secondar- 
ily in the adenomas developing in the young of urethanized mothers provide 
evidence in this matter. Though the growths originated from the alveolar wall 
and had no direct connection with the bronchiolar epithelium, their cells not 
infrequently took on a resemblance to the latter within 60 to 70 days (Fig. 20). 
Occasionally in the growths of the mothers the resemblance was absolute (Fig. 
17) . Recently one of us (21) has found that the cells of the alveoli formed after 
the transplantation of fragments of mouse embryo lung to adult hosts may 
undergo metaplasia to stratified squamous epithelium if exposed to methyl- 
cholanthrene. The change may occur at spots distant from bronchiolar epi- 
thelium, as Passey has noted in rat lungs chronically inflamed by bacterial 
infection (22). These facts, taken together, make plain that the cells of the 
alveolar wall are pluripotential despite their specialization, and that they are 
epithelial in character. The hypothesis might be put forward as alternative 
that bronchiolar elements lie scattered amongst the alveolar ones, all undis- 
ccmed, and that the adenoma cells and squamous epithelium derive from these. 
But if this is the case why do not adenomas arise often from the bronchiolar 
lining instead of rarely if at all? 

Certain workers with the spontaneous adenomas of adult mice and those in- 
duced with urethane believe that both arise on the basis of inflammatory lesions. 
If this were the fact the tumors occurring in the young of urethanized females 
could have resulted from neoplastic changes taking place after birth, in animals 
living long enough; the 6 months’ existence of Larsen’s mice would have pro- 
\ ided abundant opportunity for this sequence of events. The present findings 
exclude it. Neither in the embryos removed from females receiving urethane 
repeatedly nor in their recently bom offspring did any pulmonary inflamma- 
tion occur which might have provided a basis for later adenomatous change; 
and no reactive proliferation or accumulation of lvmphocvtes or macrophages 
took place about the growths in the young animals (Figs. 1-14). The con- 
cLs.on seems warranted that the neoplastic changes which found expression 
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in the adenomas of sucklings were not secondary to inflammation but primary 
in origin. 

The action of urethane to elicit tumors has excited much comment, for it 
has appeared peculiar in several respects. The simplicity of the substance as 
compared with most oncogens has seemed to set it apart, — though subcutaneous 
injections of sugar cause sarcomas to arise in tiie mouse, and hydrochloric acid 
thus introduced will do so in rats. The finding has also seemed remarkable 
that urethane induces no growths except pulmonary adenomas, — though ergot 
gives rise to neurofibromas only, and Scharlach R to hepatomas, examples 
which need no longer be cited, now that urethane has been shown to elicit hepa- 
tomas as well as adenomas (23). The fact that a single exposure to the sub- 
stance suffices for neoplastic change has also aroused speculation, — although 
a single painting of mouse skin with methylcholanthrene results in cancer in 
some strains of animals. More extraordinary is tire finding that pulmonary 
adenomas arise in the absence of any visible tissue damage. Grady and 
Stewart (11), noting this of the adenomas induced with methylcholanthrene, 
were led to ask whether the chronic “precancerous” tissue alterations, which 
so generally precede the occurrence of tumors as almost to enter into 
any definition of them, are really essential to their origin. The question 
is worth asking again. 

There remains to consider, of the peculiarities of urethane, the rapidity with 
which it induces neoplastic change as indicated by the present work. Here a 
distinction must be made between the preliminaries to such change and its 
actual occurrence. Though the preliminaries frequently extend over a long 
time the change itself takes place rapidly, according to all observation with 
oncogenic agents ; it is as if a trigger had been pulled. The generality of agents 
press gradually upon the trigger; only its eventual click is abrupt. Urethane 
would seem to pull it hard. But another possibility exists, that the substance 
merely stimulates the proliferation of cells already neoplastic. Several authors 
have thought that this is its mode of action. The occurrence of problematic 
cell clumps in our young control mice might be viewed as supporting such a 
conception, and the extraordinary rapidity with which adenomas arose in the 
animals urethanized in vitro accords well with it. Observations on the point 
are under way. 

According to an axiom now well authenticated through experiment, the 
greater the natural liability of mice to this tumor or that the more readily can 
the growth be elicited by the application of an oncogen. Everything that is 
known of the response of various breeds to urethane falls in with this generali- 
zation. Nettleship, Henshaw, and Meyer (3), who first demonstrated that the 
substance induces pulmonary adenomas, noted also that it elicited many more 
of the tumors in A mice, the breed most prone to them spontaneously, than it 
did in C3H animals. Cowen (24) obtained data in R III, CBA, and C57 mice 
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which accord with this finding as do also the'present results with adults of the 
C strain. Henshaw and Meyer (7) believed that the adenomas began to form 
within 1 to 2 months after the injection of urethane into 6 to 8- weeks-old 
animals of the A strain. 

From all this one might have inferred that adenomas could scarcely have 
developed in animals of the C strain only a few days old. But the conditions 
of test were exceptional. Urethane is so diffusible that it must have reached the 
embryos in quantity. It was given in the maximum amount tolerable and the 
exposure of the pulmonary tissue to it was intensive; mice have not previously 
been injected with it day after day. Furthermore the tumors arose under con- 
ditions m akin g for their rapid enlargement; embryos and newborn animals are 
notably favorable hosts for implanted neoplasms (25), the growing organism 
providing in abundance the stroma and vascularization that tumors need. And 
there was a deeper reason why the adenomas appeared so soon and contained 
mitoses in profusion, namely the state of the cells engaged in producing them. 
They were already vigorously proliferating to form the lung when they came 
under the influence of urethane. That they were behaving in this way because 
of an innate urge has been decisively proven by Cohn and Murray for the chick 
embryo (26) and is sufficiently attested for the mouse by the continuing growth 
of fragments of embryo lung after implantation in adult hosts. The adenoma- 
tous change superimposed upon the cells such further activity as enabled them 
to multiply even more rapidly than their normal fellows, — an advantage which 
became increasingly manifest when the proliferative activity of the latter fell 
off after birth. 

These findings bear on what is implicit in the neoplastic state. Widely var- 
ious examples are on record of the extraneous stimulation of tumor cells; 
numerous substances have been found to promote the growth of tumors pro- 
duced experimentally in animals and one often sees the phenomenon clinically, 
c.g., after a growth becomes infected with pus-producing organisms, or when 
testosterone urges on the prostatic carcinomas of man. All such happenings are 
comprehensible because the agents urging the growths on stimulate normal 
tissues as well; they act as adjuvant influences merely, and when the\* are no 
longer present their influence lapses. The happenings after adenomatous 
change has taken place in the young of urethanized females stand in a different 
category. In their case stimulation resulting from neoplastic change is super- 
imposed upon a proliferative activity natural to the cells of the very young 
organism. \ et again the relationship is not enduring. As the animal becomes 
mature and its normal pulmonary cells almost stop multiplying, the tumor cells 
cease to nearly the same extent. Now their only advantage is that which the 
neoplastic state itself brought with it, and under the circumstances obtaining 
in the adult animal this suffices for but the slowest proliferation. The tumor 
cch? hasc remained susceptible to the normal ageing influences. No longer 
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active, they differentiate until they more or less closely resemble the normal 
bronchiolar epithelium. 

These facts appear to provide a partial answer to the question whether the 
period in the life of the organism at which cells become tumor cells has any 
importance for the neoplastic process set up within them. The period lias 
indeed an influence in the case of the growths under discussion. When adeno- 
matous change takes place in the very young organism it increases the activity 
of cells already possessed of a natural tendency to divide; and for this reason, 
as well as because of their highly favorable environment, they proliferate more 
rapidly than the adenoma cells of adults. But the relationship which has this 
consequence is no more than additive; and the most effective of its factors, those 
due to youth, soon wane and are gone. 

Although the urethane acted upon embryos and the resulting adenomas were 
perceptible within the first days after birth, this does not mean necessarily that 
the pulmonary cells became tumor cells in utcro. The relative size of the 
growths in the 10-day- and 3-day-old animals, and the failure to find any with 
certainty in fetuses and animals just bom prove that their formation took 
place almost wholly after birth. But it could scarcely have been otherwise. 
The longest interval from the first urethane injection to parturition was 11 
days (Table 2), and during the first 2 of these the lungs had barely begun to 
form. Nevertheless when the animal was killed, 3 days after birth, or after 
14 days in all, an adenoma of considerable size had developed (Figs. 4 and 5). 
In no other instance of the sort was the elapsed time so long. The internal be- 
fore birth in a second 3-day animal with a smaller tumor (Figs. 6 and 7) was 
8 days, the total elapsed time 11 days; and in a third mouse, with a still less 
developed growth (Figs. 9 and 10), 7 days and 10 days respectively. The 
length of postnatal life was constant in these instances, only the prenatal inter- 
val varied. Yet much cannot be made of this circumstance as bearing on the 
size of the tumors, since the urethane may not have brought about adenoma- 
tous change until it had been given several times. 

While the evidence is strong that neoplastic conversion was consummated 
in utcro the possibility still must be considered that the urethane merely ren- 
dered the young animal susceptible to the influence of some extraneous tumor- 
producing agent reaching it immediately after birth. One thinks of an agent 
like that responsible for mammary cancer in the mouse, which is passed on from 
mother to young in the milk. But the data of Table 3 provide no support to this 
conception, disclosing as they do no correlation whatever between the incidence 
of adenomas in mothers and their young. The results of four or six injections of 
urethane are especially noteworthy in this regard; though the mother animals 
in some of these instances developed multiple adenomas, their young showed 
almost none. This is the more significant in view of the cumulative effect of 
urethane to elicit adenomas in adult animals, the rapidity with which these de- 
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dared themselves in the gross in young animals; and the fact that the offspring 
of f emal es receiving urethane only once often showed them (Table 3) . It would 
appear that, for reasons unknown, potentialities for the growths were slight or 
lacking in the embryos of those mice that happened to be many times injected. 
The existence of small islands of cell3 resembling the first stages of adenomas, 
in some of the control baby mice but not in others, may have a bearing on why 
the growths appeared in only a proportion of the individuals exposed to ure- 
thane instead of in all of them. 

As already stated, the observations here recorded were made, like others from 
this laboratory, to learn how soon in the life of the organism cells possess the 
ability to become tumor cells. Growths arise so rapidly and in such diversity 
from mouse embryo tissues, after transplantation with methylcholanthrene to 
adult mice, as to make it well nigh impossible to suppose that extraneous actu- 
ators resembling those now known (the tumor-producing viruses), and entering 
after birth, are responsible for the generality of neoplastic changes. The facts 
all have indicated that the cells of the embryo possess the ability to become 
tumor cells (1) . The present demonstration that the injection of urethane into 
pregnant mice causes adenomatous changes to come about so quickly in 
the young they carry that tumors are perceptible almost at once after birth 
makes it difficult to avoid the conclusion that the pulmonary cells of mice in 
mid-fetal development are capable of being neoplastic. This capability would 
appear to exist earlier in the life of the organism than the one for mammary 
tumors, which is conferred at the first nursing. Evidently each type of neo- 
plasm must be studied for itself in such relation. 

The relative share of the intrinsic and the environmental in neoplastic change 
is amongst the most deep-going questions in cancer research. Yet only the en- 
vironmental factors have been inquired into with particularity thus far for 
the good reason that practically all observations have been made of necessity 
upon growths coming to attention after birth, — upon those developing in organ- 
isms which had passed out from the protection of the uterus into a world in 
which they were beset by oncogenic agents. Even the hereditary and familial 
tendencies to tumors, manifest in inbred strains of mice, have been perceptible 
only in terms of postnatal happenings. Gideon Wells could find but 66 valid 
instances of tumors in newborn infants, none of them carcinomas (27), — a 
negligible number, it may be remarked, in comparison with the instances of 
disease due to viruses reaching human embryos in ulcro. True, hvdatidiform 
moles and chorio-cpitheliomas are due to neoplastic changes in a tissue of 
embryonic origin: but the chorionic cells are not shielded by the natural con- 
trivances whereby the embryo itself is protected; on the contrary' they are 
even more exposed to environmental factors than the majority of "the cells of 
the mother, bathed as they are directly in her blood. The cells composing 
embryonic rests and the frank embryomas and teratomas from which tumors 
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take o6 in later life are not only subject to the same environmental influences 
as the cells of the host but are exposed to special hazards, often becoming the 
seat of pathological disturbances which may render them exceptionally liable 
to neoplastic change. 

SUMMARY AND CONCLUSIONS 

The observation that adenomas develop very rapidly in the pulmonary tissue 
of mouse embryos implanted together with methylcholantkrene, in adult ani- 
mals, has led to tests of the neoplastic potentialities of this tissue in ulero. 
C strain females in the latter half of pregnancy were injected with urethane and 
the lungs of their young were searched for adenomas. None could be perceived 
with certainty in embryos at term or in mice just born, but they ivere several 
times found 3 days after birth and they were frequent and much larger in 10- 
day-old animals. The controls showed none. After 60 to 70 days they were 
often visible in the gross. Corroboratory findings were obtained in A mice. 
No parallelism could be perceived in the incidence of the tumors in mothers and 
offspring. 

The adenomas arose from tissue devoid of any sign of preliminary local dis- 
turbance. Mitoses were abundant in them and they grew rapidly for a while, 
but within 2 months cell division had almost ceased. By this time however 
many of the neoplasms were as big as any adenomas in the urethanized mother 
animals and in some instances twice as big. While growing fast they under- 
went little differentiation, but this took place when proliferation slowed and in 
consequence the tumors came to have the morphology of the spontaneous and 
induced adenomas of adults. 

The neoplastic cells were derived from alveolar elements, yet in proportion 
as differentiation of them occurred they came to resemble the epithelial cells 
lining the small bronchioles. Occasionally the resemblance to bronchial epithe- 
lium was complete, save that the cytoplasm of the tumor cells was slightly 
basophilic. 

The following conclusions seem justified: — 

1. The injection of urethane into pregnant female mice of the C strain 
frequently initiates the development forthwith of pulmonary adenomas in 
the young she is carrying. 

2. Some of the pulmonary cells of mouse embryos well along toward term 
possess the ability to be neoplastic. 

3. The adenomatous change finds swift expression in young creatures be- 
cause of conditions implicit in their youth. The rapid proliferation of the 
tumor cells is almost entirely due to these conditions, not to the neoplastic 
state as such. 

4. Adenomatous change prior to birth is intrinsically the same process as 
that occurring in the adult creature. 
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5. The adenomatous state does not prevent the cells of young mice from 
undergoing the maturation that takes place in normal elements of the same 
sort as the organism grows older. Though the proliferative activity natural 
to youth and the unn atural activity consequent on neoplastic change are 
summated in the young organism, they still are separable. 
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EXPLANATION OF PLATES 

The photographs were made by Mr. J. A. Carlile. 

All of the sections were stained with cosin and methylene blue. 

Plate 24 

Fig. 1. Adenoma in a 10-day-old mouse from a mother that had received six in- 
jections of urethane, the last within 24 hours of parturition (mother IV of Table 1). 
The growth lies near the lung surface and has compressed the parenchyma' between it 
and the pleura,-— seen on the left. Its cells are more basophilic than those of the 
parenchyma about them and they nearly all have large, round vesicular nuclei. The 
arrows point to two of the many mitotic figures. X 505. 

For other growths in animals of the same litter see Figs. 3, 9, and 10. 

Fig. 2. Adenoma in a 10-day-old animal from another mother getting six injections, 
the last of them 3 days before parturition (mother VIII of Table 1). The mark- 
edly basophilic growth protrudes on the pleural surface. It has filled several alveoli 
with compact masses of cells but its central portion is adenomatous. Other sections 
showed mitoses to be fairly numerous in it. X 294. 

Fig. 3. Adenoma in a 10-day-old sibling of the mouse furnishing Fig. 1. As in 
the case of the other early tumors there is no reactive proliferation or cellular accumula- 
tion about the growth. It looks as if it had originated from the epithelium of the 
bronchial tree, but serial sections showed it to be isolated amidst parenchyma. X 
321. 










Plate 25 

Fig. 4. Adenoma in a 3-dav-old mouse bom 7 days after the last of four urethane 
injections into the mother (mother DC of Table 2); total period since the first injection, 
14 days. At the level here pictured there appear to be three separate islands of neo- 
plastic proliferation, but they were parts of a single growth. It lay in the parenchyma 
far from any bronchiole and stained a much deeper blue than the epithelium lining the 
latter. X 1S6. 

Fig. 5. Higher magnification of the same tumor at another level, — to show its 
“glandular” arrangement and cuboidal cells. X 401. 

Fig. 6. Subplcural adenoma in a 3-day-old mouse born 2 days after the last of six 
injections of urethane into the mother (mother X of Table 2) ; total period since the 
first injection, 11 days. The growth is discrete. X 250. 

Fig. 7. The same tumor at higher magnification. It is of typically adenomatous 
character. There is no cellular reaction about it. X 560. 

Fig. 8. Clump of deeply basophilic cells with vesicular nuclei; lung of a 3-day-old 
litter mate of the animals providing the growths of Figs, 1, 3, 9, and 10. Similar 
clumps of cells have occasional!)’ been seen in normal C strain mice 10 days old. X 
569. 














Plate 26 

Fig. 9. Adenoma in a 3-dav-old litter mate of the animals furnishing Figs. 1, 3, 
and 8. The growth lies in the parenchyma and is of the compact type. It stained 
bright btuc against the general pink. X 277. 

Fig, 10. Section through the edge of the growth of Fig. 9, where it covers part of an 
alveolar wall with a single layer of cells. The arrow points toward a mitosis; there 
were three in the tiny growth. X 527. 

Figs. 11 and 12. Adenoma (?) in the lung of an embryo near term. The mother had 
received six injections of urethane, the last one 24 hours before the embryo was pro- 
cured. The growth bulges on the pleural surface, appears to have some acinar ar- 
rangement, and its cells occupy part of a neighboring alveolus. The embryonic state 
of the pulmonary tissue is evident. Fig. 11, x 280. Fig. 12, X 449. 

Fig. 13. Adenoma of the glandular type in a 10-day-old mouse from a mother of 
the A stain which had received three injections of urethane, the last within 24 hours 
of parturition; total interval since the first injection, 14 days. X 449. 
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Plate 27 


Fig. 14. Another “glandular” adenoma from the same animal; there were only the 
two growths. The tumor is markedly basophilic, as in the previous instance. Some 
atelectasis is present owing to delay in fixation of the lung after it had been removed 
from the animal. X 422. 

Fig. 15. Compact adenoma in a 10-day-old mouse from another female of the A 
strain injected thrice with urethane, the last time within 24 hours of parturition. 
The growth shows the usual basophilia. The arrow indicates a mitotic figure. X 
422. 

Fig. 16. Mooring clump with membrane attached near by; from a day-old mouse 
of a C strain mother. Serial sections showed the dump to be spindle-shaped and 
almost 300 /t long. The arrow points to a mitosis. X 422. 

Fig. 17. Peripheral zone of an adenoma, with part of an adjacent bronchiole, in a 
mouse killed 70 day's after birth of her offspring. She had received three injections of 
urethane during pregnancy'. 

The growth differs considerably from those in sucklings. Interspersed among cells 
with round, vesicular nuclei, such as make up the tumors in these latter, are many 
with nuclei that are oval or oblong and almost pyknotic, often relatively'- large and 
sometimes with more cytoplasm about them than ordinary. In one spot near the 
lower edge of the picture nuclei of this sort lie with their long axes paralld, and 
the cells appear cylindrical, as if from lateral compression. The epithelium of the 
bronchiole has precisely the same general morphology as the component elements 
of tire tumor except that some of its cells are more cylindrical. X 278. 

Fig. 18. Low magnification of the same tumor, to show where ft has filled a space 
into which the bronchiole opens. Though its cells closely resemble the epithelium 
of tin's latter the two arc not joined. At the center of the growth, where degenera- 
tion was under way, tire cytoplasm had a blue cast on staining, but at the periphery 
it was almost as pink as the bronchiolar epithelium. X 136. 





Plate 2S 


Fig. 19. Another adenoma from the same animal as that of Figs. 17 and 18 and 
with the same cytological features. It was not directly connected with any bron- 
chiole. X 243. 

Fig. 20. To show the “bronchiolar” character of the cells of an adenoma found in 
an animal 70 days after birth from a urcthanizcd mother (mother G of Table 3 and 
4), Though unusually large (1.5 mm. in diameter) the growth was devoid of mitotic 
figures. The tissue next its border is compressed. X 449. 

Fig. 21. Edge of another exceptionally large adenoma (2 mm. across) in a 70-dav- 
old mouse from a urcthanizcd mother (mother A of Tables 3 and 4). The growth 
is markedly basophilic and differentiation is not as far advanced as in the tumor of 
Fig. 20 yet many dark-staining nuclei are present, of the sort found in mature adeno- 
mas. Mitotic figures were rare (Table 4). X 277. 

Fig. 22. Clump of cells in an alveolar wall of a normal 3-day-old mouse of the C 
strain. The cells arc notably basophilic, as in the case of adenomas, but the nuclei 
were smaller than in these latter and were not vesicular. X 527. 

Fig. 23. Dubious growth in another 3-day-old control of the C strain. Hie 
cells arc basophilic and at one spot they lie in two parallel rows (arrow), but many 
of the nuclei are oblong and they arc unusually small. X 449. 
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THE STRUCTURE OF HUMAN SKIN COLLAGEN AS STUDIED 
WITH THE ELECTRON MICROSCOPE* 

By JEROME GROSS, M.D.,$ axd FRANCIS O. SCHMITT, Ph.D. 

{From the Department of Biology, Massachusetts Institute of Technology, Cambridge) 

Plates 29 to 32 

(Received for publication, August 6, 1948) 

The application of modem methods of structural analysis in .the colloidal 
range of dimensions to the study of connective tissue is of importance not only 
for the information it may yield regarding the molecular organization of this 
tissue but also because it may provide a means of investigating pathological 
alterations of the various components. Thus far, normal and abnormal 
mesenchymal tissues have been investigated primarily by histological and cy- 
tochemical methods. These techniques, because of their limited resolution, 
permit observation of changes in the fiber as a whole but cannot localize the 
alterations to the component collagen fibrils 1 or the interfibrillar substance. 

The development of electron microscopy now permits direct visualization of 
tissue components of the order of 50 A in size and even smaller. However, 
before one can profitably investigate abnormalities it is necessary to determine 
the structure of normal connective tissue and to establish the range of normal 
variation. Two factors make this task difficult. The fragmentation tech- 
niques used to prepare specimens thin enough for electron microscopy produce 
certain alterations in the material which must be evaluated by studying many 
different samples. The samples themselves are minute, which makes a statis- 
tical approach necessary. Further improvements in methods of preparing thin 
sections for electron microscopy (9, 20) may minimize certain of these diffi- 
culties. 

* This paper represents a partial report on research sponsored by The Office of the Quarter- 
master General, Research and Development Branch, under Project No. 150-46 on “Determina- 
tion of the Nature and Properties of Skin Structure" under direction of The Leather Sub- 
committee of the National Research Council Committee on Quartermaster Problems. 

t This work was done during the tenure of a Life Insurance Medical Research Fellowship. 

' Various hierarchies of fibrous structures may be distinguished in collagen. At the level 
of the light microscope one secs fibers as thin as 2 fi, or, as in skin, as thick, as 20 to 40 p. 
These fibers comprise bundles of still thinner units, ihc fibrils, which can be observed in teased 
preparations with the darkficld microscope or with the electron microscope. In certain forms 
of connective tissue the fibrils have fairly uniform widths (about 0.1 p, or 1,000 A in skin) 
while in other types there is considerable scatter in the widths. The fibrils arc presumed to be 
composed of bundles of polypeptide chains. These bundles which, for convenience, arc called 

.rr.ts hast variable widths, from about 100 A to the limits oi electron microscope resolu- 
tion. ' 
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A beginning has been wade in the investigation with electron microscopy of clastic 
tissue (29) and of one of the connective tissue polysaccharides, hyaluronic acid (10). 
Considerable attention has been devoted to the collagenous constituents. A periodi- 
cally banded pattern was first demonstrated in electron micrographs of collagen fibrils 
in 1942 (1 1 , 24) . The distance between repeating bands (axial period) agrees well with 
that previously demonstrated by Bear (2, 3) and Kratky and Sekora (15) by x-ray dif- 
fraction methods. Wolpers (28, 30) observed the striated appearance in fibrils of 
osmic add-fixed tendon, cartilage, and umbilical cord. He resolved two bands in the 
dense region of each period. 5 Using phosphotungstic acid (PTA) as an "electron 
stain,” Schmitt, Hall, and Jakus (23; see also Schmitt, 22) resolved more intraperiod 
fine structure in rat tail tendon fibrils in the form of five bands having characteristic 
position and density. Six intraperiod bands were observed in mammalian skin col- 
lagen by Nutting and Borasky (19) and Schmitt and Gross (21), and as many as seven 
bands were observed in the axial period of fibrils in rat epineurium and kangaroo ten- 
don (21). It seems probable that, as further technical improvements are made, still 
further detail of the axial repeating structure will be resolved. 

Application of metal shadowing technique has demonstrated that the cross-bands 
represent periodic variations in thickness of the dried fibrils. Two intraperiod eleva- 
tions were previously demonstrated (23, 19) but recently six elevations were resolved 
in platinum-shadowed fibrils of goat and calf skin, corresponding well with the relative 
positions of the bands in PTA-stained collagen (21). 

In the present study a replica technique was used in order to permit examina- 
tion of moist fibrils and to allow observation of the surface characteristics of 
tissue fragments too thick for transmission electron microscopy. 

The primary purpose of this paper is to describe the structure observed in 
the collagen fibrils of normal human skin and to attempt to provide a baseline 
for reference in subsequent studies of collagen from pathological tissue. 

Methods 

Samples of abdominal skin were obtained at autopsy from 16 individuals varying in age 
from 1 hour to 89 years. None suffered from any known widespread disease of the connective 
tissue. 

The unfixed skin was dissected free of readily removable fat and subcutaneous tissue, sec- 
tioned parallel to the surface with the freezing microtome, and the epidermis discarded. The 
frozen sections were placed in double distilled water and dispersed with needles or further 
fragmented in a microblendor or by sonic (9 kc.) treatment. 

Some of the crude water suspensions were treated in the following manner: (a) Thorough 
washing with double distilled water in the clinical centrifuge, (b) Incubation in crude or 
crystalline trypsin (0.1 per cent in isotonic saline or distilled water) for 24 hours at 3/ C. 
The suspension was then washed in double distilled water, (c) Incubation in hyaluronidase, 3 
in varying concentration up to 20 mg. per cent in water or isotonic saline at 37°C. for 2 
hours, followed by washing. 

5 In a personal communication Wolpers described four bands in the dense part of the period. 

3 This preparation of testicular hyaluronidase was kindly furnished by The Sobering Cor- 
poration. 
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Specimens were prepared for electron microscopy by placing a drop of suspension on the 
usual collodion or formvar supporting film of the specimen grid. In a few cases frozen sec- 
tions were smeared onto specimen films without pre lim i nar y fragmentation. 

When staining was desired the specimen grid was drained and a droplet of PTA solution 
(0.1 to 1.0 per cent in phosphate buffer at pH = 5) applied. The grid was inverted, to avoid 
deposition of unwanted suspended material and staining allowed to proceed for periods vary- 
ing from 15 seconds to 5 minutes. The preparation was then washed by immersion in double 
distilled water, with gentle agitation, for about 15 seconds and air-dried. 

For metal shadowing, collagen fibrils were deposited on a film-covered grid, air-dried, and 
placed in an evaporation chamber where they were subjected to a beam of metal atoms im- 
pinging at angles varying from 6 to 20°, after the method of Willia m s and Wyckoff (26). 
Chromium or platinum were usually used; in the former case the calculated thickness of de- 
posited metal was about 15 A normal to the film, in the latter case 4 to 6 A.* 

The technique of preparing thin plastic films, described by Shaefer and Harker (25), was 
modified for use in preparing replicas. Various combinations of plastics and solvents were 
used. These included collodion or methyl methacrylate in secondary butyl acetate, formvar 
in ethylene dichloride, and polystyrene in benzene. A 0.2 per cent solution was found to pro- 
vide optimum film thickness. 

A water suspension of fragmented connective tissue was air-dried on a clean glass slide. 
V ? ith a very thin film of moisture still present on portions, the slide was plunged into the 
plastic solution, allowed to remain for 5 to 30 seconds, then dried in the vertical position in air. 
The moist patches could be seen beneath the dried plastic. The film was then sectioned into 
squares with a needle and floated off onto a clean water surface. These portions of film were 
then transferred to nickel grids and shadowed with chromium in the usual manner in order 
to increase contrast. Other glass slide preparations were completely desiccated in a vacuum 
chamber before applying the plastic. Frozen sections of tissue were smeared directly onto the 
glass slide and replicas prepared therefrom. A similar technique has been used for the study 
of bacterial and bacteriophage colonies on the surface of agar (7, 14). Claude (4) has also 
used the method for the examination of air-dried blood cells. 

An RCA type EMB electron microscope was used in this study. All measurements of 
intraperiod band positions were made with a microdensitometer from the original electron 
micrographs. 


RESULTS 

When frozen sections of human skin, cut parallel to the surface, are frag- 
mented in water the solution becomes opalescent due to the release of collagen 
fibrils in various states of aggregation from single fibrils to bundles of fibrils. 
Viewed in the darkfield microscope the fibrils from adult skin appear as smooth, 
relatively straight, unbranched threads many microns in length. The fibrils 
of corium from infants are much more cohesive as judged by the amount of 
fragmentation required to disintegrate the tissue. In the darkfield these 
fibrils arc more frequently clumped and appear to be finer, shorter, and more 
cortorted than are those of adult skin. 


• Although the high temperatures required for evaporation of platinum may affect the sped- 
rr.cn, this metal is preferable to chromium because of the thinness of the laver rrces=arv to 
give the ricrired contrast; moreover, it does r.ot segregate in the electron ten as does -old. 
Evaporation of platinum is facilitated by the addition of 1 part of palladium to 4 r-’rts o-' 
p.atinutn, as. screened by Williams and Backus. 



558 HUMAN SKIN COLLAGEN STUDIED WITH ELECTRON MICROSCOPE 

In Fig. 1 is shown an electron micrograph of a group of fibrils from an in- 
completely fragmented tissue section. In such bundles of fibrils the cross- 
bands are frequently in lateral register. It is probable that this type of 
organization is characteristic of intact, normal tissue. 

Fibril Widths , — Limitations of resolution make it difficult to measure widths 
of individual fibrils with an accuracy greater than about 50 A. However, 
the collagen fibrils of different forms of connective tissue vary considerably in 
range and uniformity of widths. In Text-fig. 1 is shown a distribution curve 
of widths measured on 180 fibrils of adult human skin. Widths range from 
about 700 to 1,400 A, the majority being about 1,000 A. Fibrils from infant 
skin show' widths as small as 300 A though the average is not significantly 
different from that of adult skin. Wolpers (27) stated that the fibrils are 



WIDTH IN ANGSTROM UNITS 

Text-Fig. 1. Distribution of fibril widths (180 fibrils measured) 

thinner in young than in old individuals. The widths of fibrils of rat tail 
tendon range from almost as small as can be resolved by the electron micro- 
scope to 2,000 A and more (24). This variation probably reflects a real dif- 
ference in the organization of the fibrils in different tissues rather than altera- 
tions due to the method of preparation. 

Axial Repeating Period . — A distribution curve of values of the axial repeat- 
ing period of skin fibrils was constructed. At least io consecutive periods in 
each of 200 chrome-shadow'ed fibrils were measured. As shown in Text-fig. 
2, the periods ranged from about 500 to 800 A, the maximum occurring be- 
tween 620 and 660 A. This distribution is similar to that found by Nutting 
and Borasky (19) in cow skin fibrils; the range of variation is somewhat less 
than that found for the collagen of rat tail tendon by Schmitt, Hall, and Jakus 
(24). The average period in fibrils of adult skin does not appear to differ 
significantly from that of fibrils from infant skin. 

Axial Intraperiod Structure . — Unstained skin fibrils usually show little de- 
tailed intraperiod structure but resemble that shown in Fig. 3. In rare in- 
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stances as many as five intraperiod bands were distinguished. It is possible 
that, with different technique, fine structure may be resolved with more regul- 
arity. However at present, staining is required to bring out detailed fine struc- 
ture in most preparations. 

Even after staining with PTA the fraction of fibrils showing more than two 
or three dense bands per period is small. This is probably due not to a de- 
ficiency in the resolving power of the electron microscope but rather to in- 
perfections of organization of the fibrils resulting from distortions introduced 
during preparation of the specimen. Wolpers (27) believed that removal of 
ground substance by sonic treatment is required for visualization of fine struc- 
ture. However, in the present studies, the highest proportion of fibrils show- 
ing detailed intraperiod fine structure was found in a specimen in which the 
fibrils were embedded in an amorphous matrix which could not be removed 
by water washing. While such amorphous material undoubtedly reduces 
resolution of fibril structure, the primary factor in observing fine structure is 
probably distortion of the lateral relationship of the filaments within the fibril. 

The most characteristic intraperiod band pattern observed in well preserved 
fibrils is that containing six unequally spaced bands as shown in Fig. 5. This 
pattern has been observed in fibrils of animal skins, tendon, and nerve epi- 
neurium (21). The bands have been tentatively termed: a, h, b 2 , c, d, and e. 
The a band, which is located at the widest part of the period in cases where 
the fibril shows a scalloped appearance, is the broadest and most dense of the 
six bands. In a few cases the a band appeared as a doublet. The adjacent 
b\ and b 2 bands have the smallest separation; with poorer resolution these 
appear as a single band, b, as previously observed in rat tail tendon fibrils 
(22). s Fig. 4 illustrates this pattern in a skin fibril stained with 0.1 per cent 
PTA. The d band is characterized by its relatively high density in contrast 
to adjacent regions. The c band is not sharply defined, probably because it 
represents several unresolved, fine bands; two of these subdivisions were ob- 
served in a somwhat stretched kangaroo tendon fibril. The c band is almost 
always diffuse and of relatively low density. 

The average separation between bands, is about 18 per cent of the total 
period except for the bi-b~ separation which is about 11 per cent. These values 
agree well with those observed in fibrils of chrome-tanned calf and goat skin 
by Schmitt and Gross (21). They are essentially constant in the range of 
periods for which measurements were made (500 to 900 A). 

It is probable that, as improvements are made in methods of preparation of 
the material and in the imaging ability of the electron microscope, still further 
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details of intraperiod structure will be resolved. The present observations 
were made with the through-focus technique; i.c., a series of micrographs was 
made of each specimen at different focal levels. This not only facilitates ob- 
taining the best definition but also permits evaluation of diffraction effects 
characteristic of such finely banded structures. 

Chromium- or platinum-shadowed fibrils show two characteristic intra- 
period elevations as a rule. However, additional fine structure is frequently 
visible and, in the most favorable cases, six intraperiod elevations are seen 
(Fig. 7). These elevations correspond in position with the six bands observed 
in stained fibrils. 6 

From this evidence it appears that the cross-striations are regions which 
are relatively thicker than the interband regions. This suggests that the con- 
trast produced by staining with heavy metal salts could be due in part to a 
volume effect as well as to a specific chemical combination of stain with group- 
ings in the collagen molecules. Nutting and Borasky (19) favored the former 
suggestion. 


Lateral Structure in Fibrils 

It has been shown that the collagen fibril is composed of very thin filaments 
of varying widths ranging from about 100 Angstrom units down to and below 
the limits of resolution of the electron microscope. The filaments have been 
directly visualized in acetic acid “solutions” of rat tail tendon and fish swim 
bladder ichthyocol. 7 

In shadowed human skin fibrils, particularly when the beam of metal.atoms 
impinges on the fibril at right angles to the fibril axis, a fine longitudinal fila- 
mentous structure can be observed (Fig. 8). From three to ten such filaments 
may be visible in different regions of the same fibril. The filaments pursue a 
predominantly longitudinal course and frequently maj' be followed individually 
through a number of periods. Where they interesect the cross-bands there is 
is a nodose appearance. 

Such filaments may well be aggregates depending on factors involved in 
preparation, chiefly those operating during drying. However, they probably 
represent potential cleavage planes. In rat tail tendon the filamentous nature 
of the fibril is readily demonstrated because of the tendency of these fibrils 
to cleave longitudinally when fragmented. Skin fibrils seldom show such 
cleavage; initial fracture usually occurs in directions roughly normal to the 
axis. A fraction of the observed severed ends represents fibrils which were cut 
by the microtome. However, we have observed many cases such as that illus- 
trated in Fig. 9. Here may be seen the fractured end of a fibril with the replica 
imprint of the lost fragment, showing that the fracture occurred after the fibril 

6 While it is difficult to reproduce such electron micrographs, the positions of the bands are 
readily determined with the microdensitometer. 

7 Unpublished data. 
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was deposited on the slide. Occasional disruption of a fibril has been observed 
but no true fray has been seen. The disorganized regions appear amorphous 
instead of filamentous as does rat tail tendon. 

In a number of micrographs there have been observed ellipsoidal, disc-like 
objects having diameters approximately equal to those of the fibrils. It is 
possible that these represent thin sections of fibrils, possibly one or several of the 
repeating periods, removed during fragmentation. This idea is supported by 
the fact that, in occasional instances, entire periods were missing along the 
lengths of fibrils, or were seen to be displaced from the fibril axis. 

Where the fibril adheres firmly to the plastic film it may flatten to a thin 
ribbon on drying (Figs. 6 and 9). Nevertheless, the axial repeating pattern is 
usually as well preserved in such flattened fibrils as in those which dry with a 
more circular or elliptical cross-section. Apparently the filaments which 
compose the moist fibril are relatively free to rotate about each other without 
loss of regular axial repeating structure and whilst maintaining considerable 
interaction with each other laterally, so that the fibril is uniformly cross- 
striated. 

Information about dying patterns is given also by shadowed specimens. In 
Fig. 7 is seen a fibril shadowed at an angle oblique to the fibril axis. The 
wedge-shaped shadow at the lower left region of each period demonstrates the 
cylindrical character of the fibril. When the fibril flattens to a ribbon on 
dying this feature is not present and shadows are vey short or absent. The 
ribbon-like character of the fibril in Fig. 6 is further indicated by the wrinkling 
at the right end, produced by bending in a direction parallel to its flat surface. 

j Replica Studies 

Replicas of Dried Fibrils . — In the preparation of replicas of collagen fibrils 
deposited on glass slides many of the fibrils are removed with the plastic replica 
film. These may be found embedded in the plastic film or somewhat displaced 
from their imprints as a result of tensions during stripping (Fig. 2). This 
fortunate circumstance permits comparison of the structure of the dried fibril 
with that of its imprint in the replica. In the majority of cases the fibrils 
remain on the glass slide and only their imprints are seen. 

The axial repeating period is weil shown in replicas. The distribution curve 
of roo imprints resembles closely that obtained directly from the fibrils (Text- 
fig. 2). The best replicas show two and three intraperiod bands (Fig. 11) 
but the definition is not good enough to permit measurement of positions. In 
rare cases four bands may be seen. 

The elevations in the replicas represent depressions (thin regions) in the 
collagen fibril. This information about the contour of the intraperiod bands 
of ( dried fibrils supplements that obtained from Uie shadowed fibrils them- 
seivcs. This contouring is best observed when the metal atoms fall upon the 
replica in a direction parallel with the fibril axis during shadowino. 
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The, solvent used for dissolving the plastic may be of importance in this 
technique. The replicas of some dried fibrils prepared with ethylene dichloride 
as solvent for formvar were considerably wider than the fibrils themselves and 
in many cases little axial repeating structure was shown. The possibility that 
the solvent may have reacted with the collagen in such instances is being fur- 
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Text-Fig. 2. Distribution of axial periodicity (200 fibrils measured) 

ther investigated. Fig, 2 represents an unusually good formvar replica of 
dried fibrils. Collodion in sec-butyl acetate has proved most satisfactory to 
date. Fig. 10 is a good example of a dried collodion replica of collagen bundles. 

Replicas of Moisl Fibrils , — It is clear from x-ray studies (3) that drying alters 
the structure of collagen in a characteristic fashion. Electron microscopy of 
collagen fibrils is possible only in the dried state. However, information con- 
cerning the structure prior to drying may be obtained from replicas of moist 
fibrils. 

Replicas of moist fibrils resemble impressions made in smooth sand. 8 In 
Fig. 12 (collodion replica) two crossed fibrils were transferred from the glass 
with the film. A faint periodic contouring, corresponding to the axial repeat- 
ing pattern, is usually seen in the imprints. However, in some cases this is 
almost completely lacking, indicating that the surface of the moist fibril may be 
essentially smooth. 

The widths of replicas of moist fibrils are usually somewhat greater than those 

8 In our hands formvar in ethylene dichloride produces unsatisfactory, coarse-grained reph- 
cas of moist specimens, probably because of poor spreading on wet surfaces. 
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of the fibrils themselves and the edges are poorly defined. This may be due to 
the tendency of the moist fibrils to flatten and adhere firmly to the glass sur- 
face. 

Replicas were readily prepared from smears made by gently rubbing fresh 
tissue sections on a clean glass surface. Fig. 13 shows a replica of a group of 
fibrils obtained in this manner. The axial repeating pattern is well represented 
as are some details of structure. Apparently these fibrils were aligned with 
periods in lateral register. Similar micrographs have been obtained from the 
skin of newborn as well as aged individuals. This technique, which is readily 
applicable to biopsy specimens, is particularly useful in studying the relation- 
ship of the various tissue components and is thus a valuable supplement to 
methods of fragmentation and sectioning. 

In all aqueous suspensions of fragmented connective tissue considerable 
amounts of amorphous material were present, the largest quantity occurring in 
infant skin where it almost completely obscured the axial periods of the collagen 
fibrils. Even after thorough washing in double distilled water this material 
persisted to a greater or lesser degree in most specimens. Replicas of smears 
made directly from the frozen sections of both adult and newborn infant skin 
produced imprints of fibrils which showed about as much detailed axial struc- 
ture as did those of well washed collagen (Fig. 13). ffliis suggests that some at 
least of the fibrils in the intact adult and infant corium are not closely invested 
with a layer of adherent interfibrillar ground substance. Smears of the fresh 
tissue made directly onto the supporting film of the specimen grid and shadowed 
with chromium were usually too thick for satisfactory study. However in a 
few instances they showed some detail of structure (Fig. 14), These fibrils 
were embedded in considerable amounts of apparently structureless material, 
although their free surfaces were relatively clean. 

Miscellaneous Obscnalions 

In preliminary experiments no action of trypsin and hyaluronidase on the 
collagen of infant and adult skin was observed. However, different methods 
will have to be devised to investigate the action of enzymes, particularly on the 
amorphous matrix, because the products of the reaction cannot be differentiated 
from other amorphous material usually found in such preparations. 

In all the preparations of connective tissue studied in these experiments the 
. paucity of formed constituents other than collagen fibrils and poorly defined 
amorphous material was noteworthy. 

Occasionally structures resembling elastic tissue elements, as described by 
\\ olpcrs (29), were observed. 

Although histological examination of infant skin, from the same specimens 
studied with the electron microscope, showed argyrophilic fibers characteristic 
of rct’.culin, no differentiation between collagen and reticulin fibers was obvious 
in the electron microscope. 
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In some specimens of infant skin occasional smooth edged filaments, about 
100 A in width and of variable length, were noted. These occurred as indi- 
vidual filaments and as bundles of filaments.. Their nature is at present not 
clear. 

One grid, prepared from a shadowed replica of fragmented skin, bore no 
typical collagen fibrils but showed numerous, broad, double edged, striated 
fibrils surrounded by dense, adherent amorphous material. Except for con- 
siderably greater widths, these fibrils are suggestive of the “neurotubules” 
described by De Robertis and Schmitt (6). Possibly these structures derived 
from cutaneous nerves or their terminal twigs. 

DISCUSSION 

From the results obtained with replicas of moist fibrils it appears that the 
collagen fibril, as it exists in vivo is essentially a smooth contoured cylinder or 
ellipsoidal ribbon. Removal of water, in drying, gives the fibril a contour 
whose details conform to those of the banded structure seen in stained or 
shadowed fibrils, possibly resulting from differential shrinkage of highly local- 
ized regions within the repeating period. Obviously the structure observed in 
any particular collagen fibril, whether from normal or abnormal tissue, de- 
pends upon the internal afijustments of the fibril during the processes of tissue 
fragmentation, staining or shadowing and, finally, a very thorough drying. 
This internal adjustment probably concerns the interrelationship of the fila- 
ments thought to compose the fibril. It has been emphasized above that the 
range of variability of intraperiod fine structure observed in fibrils from one 
particular normal tissue, the collagen of human skin, is great. It is possible 
that most of these variations depend on alterations produced by the prepara- 
tive procedure, as mentioned above. However, it is also possible that inherent 
structural variations exist, not only as a function of type of connective tissue 
and of age, but also within closely delimited regions of the same tissue. In 
this case the difficulties of the electron microscope approach to the problem be- 
come greatly multiplied because of the necessity of sampling many regions 
of the specimen. This is true in respect to the details of structure which 
require the highest available resolution. Possibly valuable information will 
come, at lower resolutions, from examination of thin sections of connective tissue 
prepared by improved microtome techniques. 

With these facts in mind it may be useful to indicate the detailed structure 
which appears best to characterize the collagen fibrils of normal human skin, as 
thus far investigated. 

A large axial repeating pattern in the form of cross-bands is a characteristic 
shared with other fibrous proteins such as fibrin (13), keratin (8), paramyosin 
(12), and “neurotubules” (6). Nor is the range of spacings (500 to 800 A in 
the present material) unique to collagen; it is essentially similar to that of 
neurotubules. The particular six banded pattern shown in Figs. 5 and 7 is, 
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so far as we know, characteristic of collagen, having been found in skin, kan- 
garoo tendon, and rat epineunum. It is possible that, as more detailed intra- 
period structure is resolved, the “collagen pattern” will be defined more exactly. 

It should be pointed out here that, as Astbury (1) has shown from x-ray re- 
sults, there is probably a class of collagen-like proteins, all having the property 
of manifesting the wide-angle x-ray pattern characteristic of vertebrate colla- 
gen. These proteins differ markedly in amino add composition from vertebrate 
collagen and are obtained from animals as low in the phylogenetic series as the 
sponges. They also have an axial repeating period similar to that of vertebrate 
collagen though there are differences of intraperiod structure. 3 Accordingly, 
it is possible that any protein belonging to the collagen class will show a banded 
structure in electron micrographs and that identification will depend on differ- 
ences of detail. 

• Collagens differ also in respect to properties of the fibrils in the lateral direc- 
tion. As brought out in the present experiments, the fibrils of skin do not 
show the longitudinal cleavage characteristic of tendon fibrils; mechanical 
fracture usually occurs normal to the axis. This suggests that the lateral bond- 
ing between filaments in the fibril may be considerably stronger in skin than in 
tendon fibrils (16). Strong lateral bonds between the main chains, contributed 
by the protein itself or by other substances, could produce a great increase in 
lateral cohesion. Careful quantitative studies of the strength of the various 
linkages in collagen are lacking. Such information might provide criteria as 
valuable for the characterization of collagen as structural data. 

There is some evidence of lateral affinity between adjacent fibrils. It has 
been frequently observed, in bundles of closely adherent fibrils, that the fibrils 
are in nearly perfect register with respect to the cross-bands. Whether this is 
due to specific affinities of chemical groups at various levels in the periods or to 
some undefined binding material is not clear. It seems probable that this inter- 
fibrillar integration may play an important role in the mechanical properties 
of connective tissue. 

In current studies it has been assumed that the fibrils possessing the struc- 
tural characteristics described above are primarily composed of the protein 
collagen. It has been suggested that collagen is closely associated with other 
components such as polysaccharide (17) and protein (5). In the present experi- 
ments efforts have been made to test this view but the results are inconclusive, 
No clear-cut effects have been observed as a result of exposing skin collagen 
fibrils to the action of hvaluronidase. However, certain polysaccharides are 
insensitive to the testicular hvaluronidase used; if such be present, bound to the 
collagen as Mcver (IS) suggests, no positive result would be expected in the 
above experiment. 

Similar considerations apply to the experiments involving the effect of 
trypsin. This enzyme has been used frequently to rid preparations of non- 

* IVoa cspuVJshed data of M. H. Marts, R, S. Bear, ar.d C. H. Blake. 
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collagenous proteins and thus better to reveal the structure of the collagen. 
The usual detailed fine structure has been observed in such enzyme-treated 
material. However, this is not proof of the absence of a non-collagenous pro- 
tein in the fibril nor yet of the complete insensitivity of all collagen to tryptic 
attack. Steric effects and mode of packing might be responsible for the in- 
sensitivity. The subject of the action of proteolytic enzymes on collagen is a 
large and important one which warrants detailed study. 

The present experiments throw little light on the nature of the amorphous 
ground substance in which the collagen fibrils are thought to be embedded in 
connective tissue. While purified hyaluronate has a characteristic morphology 
(10), tliis is closely dependent on methods of preparation and might well be 
masked in the present experiments, which involved extensive fragmentation 
and water washing. Possibly the replica-smear technique will prove valuable 
in the study of the amorphous component. 

SUMMARY 

1. The structure of the collagen fibrils of normal human skin corium has been 
investigated with the electron microscope. 

2. Under the conditions of observation the fibrils ranged in width from about 
700 to 1,400 A with 1,000 A as the value occurring most frequently. They 
showed little tendency to fray longitudinally as is characteristic of tendon fibrils; 
when fracture of fibrils occurred it was usually in planes transverse to the axis, 

3. The axial repeating periods observed in fibrils stained with phosphotungs- 
tic acid or shadowed with chromium or platinum range from about 500 to 800 A, 
the maximum occurring between 620 and 660 A. The average period in fibrils 
from infant skin does not differ significantly from that of adult and aged skin. 

4. Depending on conditions of preparation, intraperiod fine structure, in the 
form of cross-bands, was observed in varying detail. The most detailed pattern 
commonly observed contains six bands of characteristic density and position. 

5. Shadowed plastic replicas of dried collagen fibrils reproduce much of the 
structure commonly seen in shadowed fibrils. Replicas of moist fibrils show 
considerably less surface contouring than do dried fibrils. Replicas from 
smears of connective tissue fragments on glass show detailed structure, in- 
dicating the feasibility of applying this technique to biopsy material. 

6. Infant skin differs from adult skin in having considerably greater amounts 
of amorphous material, little of which is strongly adherent to the collagen fibrils. 

Addendum . — Since submission of this manuscript we have received, through the 
courtesy of Dr. C. Wolpers, two papers by this author, not previously available to 
us (J. Makromol, Chan., 1948, 2, 37; Biochan. Z., 1948, 318, 373). Working chiefly 
with osmic acid fixed beef tendon, Wolpers studied the effect of thermal shrinkage 
and of acid treatment, as well as certain pathological conditions (rabbit virus myxoma) 
upon the detailed structure of the collagen fibril. The normal fibril, he finds, is char- 
acterized by the presence of two dense (S) bands per period. After heating or other 
treatment four bands (5 lamellae) are observed. In the transformation from two to 
four bands he suggests that a cementing material (“ Kittsubslanz”) of unknown nature 
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is removed and “5” particles make their appearance in the fine bands. Further heat 
treatment destroys the banded structure and leads to an irregular filamentous net- 
work which, when fully dissociated, produces glue or gelatin. 

Wolpers’ view that detailed intraperiod structure (more than two bands) is the 
result of alteration or degradation of the structure of normal collagen is in contrast 
to that expressed in the present paper, in which it is supposed that the normal fibril 
is possessed of very detailed intraperiod structure which may not be fully resolved 1 
because of various factors operative during the preparative procedure. In this 
connection it may be pointed out that detailed intraperiod structure (six bands) 
has been observed in material which had been subjected only to teasing with 
needles and brief water washing, followed by PTA staining. It seems improbable that 
such mild treatment could have caused the alterations visualized by Wolpers as re- 
sponsible for the production of the multibanded structure. 
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EXPLANATION OF PLATES 
Plate 29 

Formvar replica of collagen fibrils from adult human corium deposited on a glass 
slide from aqueous suspension and air-dried. Shadowed with chromium. 

Fig. 1. Fiber bundles adherent to film. In background a few imprints are seen. 
X 19,300. 

Fig. 2. Individual adherent and embedded fibrils and imprints. X 26,000. 




Plate 30 


Adult corium fibrils from fragmented frozen sections washed thoroughly in water 
and deposited on a specimen grid from suspension. 

Fig. 3. Stained with 0.1 per cent PTA. Most unstained and many stained fibrils 
have this appearance in which little or no intraperiod structure is present. X 95,000. 

Fig. 4. Stained with 0.1 per cent PTA. Five bands resolved. X 100,000. 

Fig. 5. Stained with 1.0 per cent PTA. Six bands resolved. X 100,000. 

Fig. 6 . Flattened fibril showing four and in some periods five bands. Note kinking 
of ribbon at right end. Shadowed with chromium. X 10f>,000. (Arrow indicates 
direction of shadow.) 

Fig. 7. Fibril showing six-banded period. Shadowed with chromium. X SO, 100. 
(Arrow indicates direction of shadow.) 

Fig. S. Longitudinal aggregates of filaments are seen in this fibril shadowed with 
chromium. X 98,000. (Arrow indicates direction of shadow.) 








Plate 31 


Fig. 9. Chromium-shadowed formvar replica of air-dried fibrils deposited from sus- 
pension on glass slide. Note ruptured fibril at left with imprint of remainder; two 
other adherent fibrils are shown. X 61,500. 

Fig. 10. Collodion replica of vacuum-dried fibril bundles. Deposited on glass slide 
from water suspension. Shadowed with chromium. X 28,500. 











Plate 32 

Fig. 11. Chromium-shadowed collodion replica of air-dried fibril showing three in- 
traperiod bands. Deposited on glass slide from water suspension. X 42,000. 

Fig. 12. Chromium-shadowed collodion replaca of moist fibrils deposited on glass 
slide from suspension. Two adherent fibrils are present. Very little periodic struc- 
ture is noted in fibril imprints. X 22,000. 

Fig. 13. Chromium-shadowed collodion replica of frozen section of adult human 
corium smeared directly onto glass slide. Showing imprints of a group of fibrils whose 
periods arc in lateral register. X 36,000. 

Fig. 14. Direct smear of the corium of a 2-day-old infant onto supporting film of 
specimen grid shadowed with chromium. Axial periodicity can be observed despite 
the presence of surrounding amorphous material. X 27,000. 
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This study was undertaken to determine whether d-glyceraldehyde 3-phos- 
phate dehydrogenase from bakers’ yeast and rabbit skeletal muscle are im- 
munologically similar. Two such enzymes from widely separated sources 
might still be expected to have similar surface configurations in the region of 
the catalytically active centers, and this site might be involved in antibody 
formation. Evidence that antibody formation may be directed toward the 
active center of an enzyme was found by Kubowitz and Ott (1) and more re- 
cently by Zamecnik and Lipmann (2). 

Antiserum to the yeast enzyme has been obtained from rabbits (3) and, as 
reported in this paper, from chickens. With one exception, the immune sera 
had no effect on the activity of the muscle enzyme in a test system in which 
the yeast enzyme was almost completely inhibited. The present report is a 
more detailed account of these investigations and an extension of the study to 
include experiments on the mechanism of inhibition of the yeast enzyme. Di- 
phosphopyridine nucleotide (DPN) was found to protect this enzyme partially 
from antibody. It can be seen that in the reaction catalyzed by the dehydro- 
genase, 

* 4 ~ 

3-phosphoglyceraldehyde + PO< + DPN ^ 1,3-diphospboglyceric add + DPNH, 

DPN is one of the reactants which combines reversibly with the active center 
of the enzyme. 


EXPERIMENTAL 

Ensyrne Preparations. — (o) Yeast 1 d-glyceraldehyde 3-phosphate dehydrogenase was 
prepared by the method of Warburg and Christian (4) with some modification. With the 
yeast used, the yield of do - acetone powder obtained from the Leledr^-Safl (yeast juice) was 
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only about one-hall that reported. The nucleic acid-protein precipitate obtained between 
pH 5.0 and 4.5 was used instead of the fraction from 4.75 to 4.5. (This modification was 
found advisable also by Meyerhof and Junowicz-Kocholaty, using American yeast (5).) 
Salmine was used instead ol sturine for the removal of nucleic acids, but was not added in 
amounts sufficient to remove the last traces of material absorbing at 260 raft. The Al(QH)j 
adsorption step was omitted, as this procedure was not found to increase the purity of the 
enzyme. The final protein solution was not concentrated by evaporation before the crystal- 
lization step. Solid ammonium sulfate is simply added to the 2 to 3 per cent protein 
solution at 25° until a faint turbidity develops. The suspension becomes crystalline after 
several days’ storage at 0°. Crystallization is more rapid and complete if the pH of the 
suspension is raised to 8 with dilute NTT OH solution. If microscopic observation shows 
a background of amorphous protein, warming the crystal suspension to 35° and slowly cooling 
it removes the non-crystalline material. Rccrystallizations are readily carried out by dis- 
solving the centrifuged crystals in water to give a 2 to 3 per cent protein solution and 
adding ammonium sulfate to incipient turbidity. 

As reported by Warburg and Christian, it was found that the highly purified solution ob- 
tained immediately preceding the crystallization step had almost the same specific activity 
as the crystalline enzyme. Electrophoretic studies have shown, however, that several protein 
components are present. Crystallization results in the separation of a single component, but 
this is not reflected by any increase in activity (6). In most instances the nearly elcctro- 
phoretically homogeneous crystals were used, but some of the animals received injections of 
the enzyme solution immediately before crystallization. 

The crystalline enzyme prepared with the above modifications was found to have a somewhat 
different absorption curve in the ultraviolet than that reported (4). This is due to the pres- 
ence of DPN (6) apparently bound in a similar manner to that found in rabbit muscle d-glyccr- 
aldehydc 3-phosphatc dehydrogenase (7). A second difference noted with this enzyme 
preparation is the necessity of having cysteine present to obtain maximum activity. 

(b) Crystalline rabbit muscle d-glyceraldebydc 3-pliosphate dehydrogenase was prepared 
by the method of Cori cl ol. (8). 

(e) Crystalline yeast hexokinase was prepared by the method of Berger cl a!. (9) from the 
same strain of yeast from which the dehydrogenase was isolated. 

Immunization Procedure . — Four medium sized rabbits were given a series of five subcutane- 
ous injections of 8 mg. of yeast d-glyceraldchyde 3-phosphate dehydrogenase at 3 day intervals. 
The crystalline enzyme, stored as a suspension of crystals in alkaline ammonium sulfate solu- 
tion, was dissolved in water and injected immediately. Sera were obtained 2 weeks after 
the last injections. Stronger antisera were obtained after a second scries of injections 2 months 
later. Two rabbits teceivcd as many as four series of injections. 

Four young chickens (6-month-o!d pullets) were given a similar series of injections of the 
same enzyme intravenously. Following the third or fourth injection all the chickens showed 
signs suggesting anaphylaxis (blanching of the comb and staggering). One died immediately 
following the third injection. Sera were again obtained 2 weeks after the last injection. 

Detection of Anlibody . — Antibody levels of the sera were measured (1) by the precipitin 
reaction, using the conventional ring test with serial dilution of a 1.5 per cent solution of 
crystalline enzyme in saline, and (2) by tire inhibition of activity of a given amount of yeast 
rf-glyceraldehyde 3-phosphate dehydrogenase. 

Enzyme activity was determined by following the reduction of DPN spectrophotometrically 
at 340 nm (4). Crystalline yeast enzyme was dissolved in 0.006 it cysteine-0.03 u sodium 
pyrophosphate, pH 8.5, and diluted in the same buffer. Protein determinations on these 
solutions were made by the biuret method of Robinson and Hogden (10). 0.1 ml. of enzyme 
solution containing 15 gamma of protein was added to a reaction mixture (in the Beckman 
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cell) consisting of 2.5 ml. of the cysteine-pyrophosphate bufier and 0.2 ml. of DPN (final 
concentration = 1.27 X 10~ 7 moles per ml.) at 25°. In this mixture at this dilution the 
enzyme is stable for at least 30 minutes. The reaction was started by the addition of 0.2 
ml. of a fresh 1 : 1 mixture of 5.3 per cent sodium arsenate and triose phosphate? (final concen- 
tration = 1.27 X 10- 7 moles per ml.). Bimolecular rate constants were calculated from the 
equation: 


t 

where a is the initial concentration of triose phosphate and DPN, and x is the amount of 
reduced DPN formed in time t (minutes). K was found to decrease with time, but the K 
values based on 1 minute readings were proportional to enzyme concentration. 

In testing for inhibition of the enzyme by antiserum, up to 0.3 ml. of serum could be sub- 
stituted for part of the cysteine-pyrophosphate bufier in the reaction mixture without produc- 
ing a pH change that in itself would afiect enzyme activity. Unless otherwise indicated 
antiserum was added to the reaction mixture containing buffer, enzyme, and DPN and given 
10 minutes’ incubation at 25° before starting the reaction. The per cent inhibition of enzyme 
activity was calculated from the 1 minute K values determined from rates with and without 
scrum in the reaction mixture. 

Inhibition of Y east d-Glyceraldehyde 3-Phosphaie Dehydrogenase by Antiserum. 
— When rabbit antiserum was tested in the system described, it was found 
that the antigen-antibody combination, as measured by the extent of inhibition, 
was complete within the 10 minute period allowed. The turbidity developing 
in the cell due to antibody-enzyme flocculation also reached a maximum during 
this period. The absorption at 340 mg due to the presence of a precipitate 
was small and was corrected for in the initial reading. 

With increasing amounts of antiserum the degree of inhibition increased 
almost linearly up to about 80 per cent as shown in curve B of Fig. 1. Beyond 
this the curve levels off never reaching complete inhibition. 

The percentage inhibition of 15 gamma of crystalline enzyme given by 0.05 
ml. of antiserum was used as a measure of antibody titre. With nearly all 
antisera tested the inhibition produced by this amount of serum fell on the 
linear part of the curve. There was a fair correlation between the precipitin 
titre and the degree of inhibition by the antisera (Table I). 

The residual activity with antibody excess as shown in curve B, Fig. 1, sug- 
gested that the insoluble enzyme-antibody complex itself retained activity 
amounting to about 10 per cent of the original enzyme activity. This was con- 
firmed by finding that removal of the precipitate by centrifugation left a super- 
natant fluid with no enzyme activity, while the washed precipitate showed an 
activity only slightly lower than the residual activity seen in curve B. Re- 
suspended precipitate settled rapidly and somewhat higher rates were obtained 
when the reaction mixture was stirred between readings. 

J We are indebted to Dr. H. O. L. Fischer, Dr. E. Baer, and Dr. If. A. Lardy for a sample 
c synthetic dl-glyccraldchydc 3-pfco?phntc (11) supplied to this department. 
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Fig. 1. Effect of increasing amounts of rabbit and chicken antisera on the activity of IS 
gamma of yeast d-glyceraldchydc 3-phosphatc dehydrogenase. Curve A shows the slight 
degree of inhibition caused by normal rabbit serum. The inhibition by normal chicken serum 
is of the same order. Curve B shows the effect of rabbit immune scrum with a precipitin 
titre of 1 : 10,000. Curve C is with chicken immune serum of the same precipitin titre. 

TABLE I 


Inhibition of l'easl Enzyme by Antiserum 

The degree of inhibition of 15 gamma of yeast d-glyceraldehydc 3-phosphate dehydro- 
genase by 0.05 ml. of different rabbit antisera is compared to the precipitin titre of the sera. 


Scrum 

Inhibition 

* Precipitin titre, highest antigen 
dilution 

Mi 

per cent 



20 



25 



32 


MBMI 

79 



* The numbers in parentheses indicate the number of injections of antigen given to each 
rabbit. 


Constant degrees of inhibition of the yeast enzyme by chicken antisera were 
obtained when enzyme, DPN, and antiserum were incubated before buffer was 
added to the reaction mixture. Under these conditions, in which the amount 
of serum dilution is small, the reaction of enzyme and antibody is rapid, and 





EDWIN G. EREBS AND VICTOR. A. NAJJAR 


573 


the extent of inhibition and precipitation is maximal within a few minutes. 
Curve C of Fig. 1 shows the effect of increasing amounts of chicken antiserum 
on the yeast enzyme. 

Relationship between Enzyme- Antibody Combination , DPN, and Substrate .- — 
An excess of rabbit antiserum (2 times the amount necessary to give maxima] 
inhibition of the' enzyme) was incubated with the yeast enzyme in cysteine- 
pvrophosphate buffer. The residual activity of this incubation mixture was 
determined at three concentrations of DPN and triose phosphate, 1.25, 2.54, 
and 5.08 X 10~ 7 moles per ml. for each component. In each case the activity 
found was 5 per cent of the activity of enzyme alone determined at these con- 
centrations. The activity measured in these experiments was that of the en- 
come-antibody precipitate, which gave no evidence of dissociation at increasing 
zyncentrations of DPN and triose phosphate. 

DPN was found to have an effect on the degree of inhibition of the enzyme 
by antiserum, if it was present during the combination of enzyme and anti- 
body. This was most easily seen with small amounts of antiserum. In a 
typical experiment 0.05 ml. of rabbit antiserum was added to a reaction mix- 
ture already containing DPN, enzyme, and cysteine-pyrophosphate buffer. 
The activity determined after 5 minutes’ incubation by addition of arsenate- 
triose phosphate showed 31 per cent inhibition of the enzjme. Longer incu- 
bation did not increase the extent of inhibition. "When DPN was absent during 
the preliminary incubation of antiserum and enzyme, 54 per cent inhibition of 
activity was found. The yeast enzyme itself was stable without DPN. Pre- 
cipitates obtained with antibody excess showed somewhat higher activities when 
enzyme and antibody combined in the presence of DPN. Chicken antisera 
behaved similarly to the rabbit antisera in respect to DPN. As far as could 
be determined, triose phosphate had no influence on enzyme-antibody 
combination. 

Rate of Combination of Enzyme with Antibody. — The combination of anti- 
body' and enzyme was studied by r addition of antiserum to enzyme, while the- 
enzyme was acting on its substrates. High concentrations of triose phos 
phatc and DPN were used, and under these conditions the rate was nearly 
linear after the first half-minute as shown in curve A of Fig. 2. Rabbit anti- 
serum was added to identical reaction mixtures at the 3rd minute and the rate 
followed until it again became linear, indicating completion of enzyme-antibody 
combination. In curve B the amount of antiserum added was slightly' less 
than that necessary to inhibit the enzyme maximally. Curves C and D were 
with 3 and 6 times the amount added in (B), respectively. Tangents to the 
curves have been drawn to show the points at which the slopes are approxi- 
mately half the difference between the control rate (A) and the residual rate 
rhow-n in (D).. These points indicate the time at which the enzyme is half 
maximally inhibited and presumably half combined with antibody. In (B) 
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this point is 2 minutes after addition of antiserum, in (C) about 1 minute, and 
in (D) less than minute. 

In other experiments enzyme and antibody were allowed to react for varying 
times in the absence of either DPN, triose phosphate, or both. The reaction 



Fig. 2. The addition of rabbit antiserum to the enzyme, while it is acting on its substrate. 
Curve A shows the rate of the uninhibited reaction with 1 gamma of the yeast dehydrogenase 
per ml., when the initial DPN and triose phosphate concentration arc 1 X 10~ 6 moles per ml. 
for each component. Curves B, C, and D show the effect of three amounts of antiserum (5) 
added at the 3rd minute (arrow) to identical reaction mixtures. All reactions arc started 
with the addition of the triose phosphate. For further description see text. 

was started by the addition of the missing component or both components si- 
multaneously. The rate became linear in every case after the same total time 
intervals of antigen-antibody combination as in the experiments in which anti- 
serum was added during the reaction. 

Specificity . — Rabbit antisera to the yeast d-glyceraldehyde 3-phosphate de- 
hydrogenase were tested for possible inhibitory effect on hexokinase isolated 
from the same strain of bakers’ yeast. No inhibition was noted, antisera and 
normal rabbit serum both having a slight activating effect presumably due to 
protective protein action on the hexokinase (9). These results are in agree- 
ment with the findings of TenBroeck (12) and McCarty (13), who found no 
evidence of a serological relationship between different enzymes from the same 
organ of the same species. 
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Four rabbit and two chicken antisera to the yeast enzyme were tested for 
cross-reaction with the analogous enzyme from rabbit muscle. Muscle d~ 
glyceraldehyde 3-phosphate dehydrogenase was substituted for the yeast en- 
zyme in the test system previously described. When the enzyme was incubated 



Fig. 3. The effect of one atypical rabbit antiserum to the yeast enzyme on the activity 
of the muscle dehydrogenase. 10 gamma of the crystalline muscle enzyme was used in each 
case. Curve A shows the stability of the enzyme when incubated in buffer with DPN. 
Curve B shows the slow downward drift of the enzyme under the same conditions without 
DPN. Curves C and D show the effect of 0.1 ml. of the antiserum on enzyme activity during 
incubation with and without DPN, respectively. The final concentrations of DPN and triose 
phosphate were 1.27 X 10~‘ moles per ml. for each component. 

with antiserum in the presence of DPN, only the same slight degree of inhi- 
bition as that given by normal sera was noted. When the incubation was 
carried out in the absence of DPN, lower activities were found, but with only 
one antiserum was the effect definitely greater than that seen with enzyme alone 
or with enzyme and normal serum. (This enzyme is less stable than the yeast 
enzyme in the absence of DPN). 

The one antiserum found to inactivate the muscle dehydrogenase was from 
one of two rabbits that had received four courses of injection of the yeast 
enzyme. \\ ith this particular serum the effect on the muscle enzyme is shown 
in curve D of Fig. 3. Curve C shows the protective action of DPN on the 
enzyme incubated with the same scrum. Curves A and B show the relative 
stability of the enzyme incubated in buffer alone with and without DPN. With 
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eight normal rabbit sera tested and the other immune sera, the enzyme showed 
the same degree of stability without DPN as in curve B. 

When a sample of this serum was completely absorbed with the yeast en- 
zyme (homologous antigen) until no further precipitation occurred, followed 
by removal of the precipitate by centrifugation, it showed no decrease in its 
inhibitory action on the muscle enzyme. This result and the failure to detect 
any inhibition by other antisera make it doubtful that the inactivation of the 
muscle enzyme by this antiserum should be called an immune reaction. 

DISCUSSION 

Some enzymes have been found to be 70 to 95 per cent active when com- 
bined with specific antibody, even when precipitation of the enzyme occurs 
(14r-17). Other enzymes (1, 2, 13, 18) have been shown to be strongly inhib- 
ited by their immune sera. In the latter group with two of the enzymes 
studied, there is evidence that one point of antigen-antibody combination may 
be at the active center of the enzyme. Yeast d-glyccraldehyde 3-phosphate 
dehydrogenase is 90 to 95 per cent inhibited by antiserum, and in this case the 
combining site of the coenzymc, DPN, appears to be involved. 

The effect of DPN on the inhibition of the yeast dehydrogenase is different 
from the retarding effect of lecithin on the lecithinase-antilecithinase reaction 
studied by Zamecnik and Lipmann (2). DPN appears not to slow the reaction 
of antigen and antibody, but its presence results either in less antibody com- 
bining with the enzyme or in the formation of a precipitate having a higher 
activity. 


SUMMARY 

Antibodies to yeast d-glyceraldehyde 3-phosphate dehydrogenase have been 
produced in rabbits and chickens. The antiserum from either animal inhibits 
the activity of the yeast enzyme with the formation of a precipitate that has 
a low residual activity. One combining site of antibody on the enzyme ap- 
pears to be the point of DPN attachment. 

The rate of antigen-antibody formation has been studied with varying con- 
centrations of antibody. 

The activity of yeast hexokinase is not inhibited by the antiserum to the 
dehydrogenase. 

Five of six antisera to the yeast enzyme showed no inhibition of the analogous 
enzyme from rabbit muscle, but one serum strongly inhibited the muscle de- 
hydrogenase in the absence of DPN. No evidence was obtained that the in- 
hibition by this one antiserum was due to an immune reaction, because the 
inhibition persisted after absorption with the homologous antigen. 

The authors -wish to thank Dr. Carl F. Cori for his interest and guidance in this work. 
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From our increased knowledge of the natural history and biology of the rabbit 
largely attained in recent years, it appears that this species is subject to a much 
greater number of inherited morbid conditions than had heretofore been gener- 
ally thought. The conditions vary widely, ranging from those which are 
comparatively simple and apparently non-injurious to those with more or less 
severe manifestations and even lethal effects. In the first category are found 
such anatomical and physiological variations as the Rex type of coat, yellow fat, 
and brachydactylia and allied abnormalities (1). In extreme contrast to the 
essentially harmless conditions which are in nowise incompatible with growth 
and development are those associated with non-viability at or within a few 
hours of birth. Some of these so called lethals are ill defined and little of a 
precise nature is known about them but in the case of achondroplasia, for 
example, many features have been fully described (2-4). 

Hereditary osteopetrosis, which is reported in this and succeeding papers 
(5, 6), is likewise present at birth but the uniformly lethal effect is delayed, 
usually to the 4th or 5th week. It is one of a number of disease complexes 
which have been encountered in a colony of rabbits maintained in this labora- 
tory for experimental investigation on constitutional factors associated with 
susceptibility and resistance to disease. 

Marble bone disease of man was first described in 1904 by Albers-Schonberg (8). 
The name osteopetrosis, which was introduced by Karshner (9) in 1926, is now com- 
monly employed although other descriptive names such as osteosclerosis are sometimes 
used. The disease was long considered a rare affection, but with the great increase 
of x-ray examination, its incidence now appears to be not infrequent. Its outstanding 
feature is the remarkable appearance and structure of the bones, the chief character- 
istics of which arc an extremely thick cortex and a narrowed marrow cavity which is 
filled to a greater or less extent with abnormal medullary bone. In severe cases, there 
is an accompanying anemia which is often pronounced, and various symptoms such 
as physical underdevelopment, tooth defects, spontaneous fractures, hydrocephalus, 
and optic atrophy are described. 

v- yV on August 4, 1942. The disease here described occurred in stock with 

w^!th he was working and the early phases of this study were carried out by him. — LR. 
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The disease is most frequently seen in infants and young children and it now seems 
clear that its onset takes place at some phase of intrauterine development (10). Its 
etiology is unknown. A significant feature is its strong familial tendency, and its 
hereditary character is generally accepted. In the opinion of most observers, the 
mode of inheritance is on the basis of an autosomal recessive factor, but the occurrence 
of certain parent-offspring cases raises the question of an irregular dominant 
factor (11-13). 

The hereditary disease of the rabbit here described for the first time closely 
resembles in many respects osteopetrosis of man. Investigations on the human 
disease have been greatly limited by the relatively small number of cases on 
which comprehensive studies were possible. The present comparable con- 
dition of the rabbit should be of value, particularly from the standpoint of an 
experimental approach to the human problem. Furthermore, since embryo- 
logical material is now available, it seems not unlikely that investigations in this 
field might have important applications in the basic problems of osteogenesis 
and hematogenesis. 

The observations on hereditary osteopetrosis of the rabbit have been divided 
into three categories for presentation. The present paper is concerned with the 
manifestations and course of the disease and the results of genetic studies. The 
following paper (5) contains a description of x-ray examinations of the skeleton 
and the results of hematologic observations and of chemical determinations. 
In a third paper (6) the results of postmortem examinations and histological 
studies will be described. A summary of these studies has recently been 
reported (7). 


Materials and Methods • 

The foundation of the osteopetrosis stock was a small group of pure bred Dutch rabbits 
purchased from a dealer, which included in particular a male rabbit some of whose offspring 
from backcross matings were the first observed examples of the condition. As soon as the 
hereditary nature of the condition appeared probable, extensive interbreeding of a large 
number of more or less closely related animals was undertaken for the purpose of obtaining 
additional transmitters. The identification of transmitters was made on tire basis of affected 
progeny and several were discovered in these early experiments. Enlargement of the stock 
was accomplished by using identified transmitters for further inbreeding with related animals 
and also for outcrosscs with various unrelated stocks. Progeny derived from such outcross 
matings constituted an Fj hybrid generation which was used as the basis for genetic studies. 

The present report is based upon 293 rabbits which at birth or within a few' days showed the 
characteristic physical signs of the disease complex. These rabbits were contained in 169 
litters. The control material comprised the 722 normal litter mates and other normal rabbits 
of comparable ages derived from both related and unrelated stock. ■ 

A detailed description of affected individuals was included in the notes dictated at the time 
the litter was first examined a few hours after birth. The animals were weighed on an auto- 
matic balance calibrated in gram intervals and their sex recorded. Subsequent examinations 
were made 3 times a week or oftener, particular attention being paid to the growth and nutri- 
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tional state of the abnormal as compared with the normal members of the litter. Body- 
weight determinations were usually a reliahle index of the general condition of the animal. 
In the great majority of cases, the diagnosis was confirmed by x-ray photographs and post- 
mortem examination of the skeleton. 

All adult rabbits in the colony are housed in large individual cages, and the diet comprises 
a constant water supply, timothy and alfalfa hay, and a standard pellet preparation of the 
best quality obtainable. Supplementary feeding of fresh cabbage and carrots is carried out 
during the winter months. An excellent condition of health is generally maintained. In 
breeding experiments, the duration of pregnancy can be calculated to within a few hours. 
The time of most matings is exactly known and in those cases in which the doe is left with the 
male, it is known to within 18 hours. Pregnancy checks are made 10 days after mating and 
pregnant females are examined at regular intervals throughout gestation.. The detection of 
abnormal or unusual features in this period is thus reasonably assured. 

RESULTS 

Osteopetrosis of the rabbit has as characteristic features abnormal bone and 
tooth development, retardation of growth, anemia, progressive cachexia, and an 
invariably fatal effect. The dense bone shadows with reduced marrow spaces, 
particularly of the long bones, are striking features of x-ray photographs (5). 

Of 293 animals showing the disease, 275 were bom alive while 18 were found 
dead when the litter was first examined a few hours after birth. Almost all 
litters were bom at term and there was only an occasional instance of pre- 
maturity or of slightly prolonged gestation. No abnormal or unusual con- 
ditions were observed during pregnancy which could be associated with the 
disease. The affected animals were the only members of the litter which at 
birth or within the first few days of life showed abnormalities that could be 
attributed to the disease. Transmitters could be identified only by breeding 
tests. 

Many of the cases were among the smaller individuals of the litter at birth. 
The great majority were well nourished and continued to grow for some days. 
The fur and nails were well developed and the nares were patent. The charac- 
teristic tooth abnormality observed during life comprised the subnormal 
development or the absence of one or more of the incisor teeth. The disease is 
uniformly fatal; the survival period of most cases was 4 to 5 we eks . 

There were 17, or 5.8 per cent, of the rabbits classified as tarda cases because 
of the delayed development of incisor tooth abnormalities. The teeth appeared 
to be normal at birth but within 1 to 10 days characteristic changes occurred. 
The hnimals were generally large individuals and several lived somewhat longer 
than the usual case. 

The signs and course of the disease will now be described, after which the 
results of genetic studies arc presented. It will be helpful in reading this 
description to refer to the x-ray photographs in an accompanying paper (5); 
t..csc illustrations have been arranged in order of disease progression. 
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General Dcscripiion 

Teeth . — The first clue to the diagnosis of osteopetrosis is an abnomtal con- 
dition of the incisor teeth which is usually present at birth. The molar teeth 
are similarly affected as postmortem examination has regularly revealed; but 
the posterior portions of the buccal cavity are not easily examined during life. 

In the normal rabbit bom at term, the four incisors arc fully erupted and the teeth of each 
pair arc evenly placed in line with and in close approximation to each other. The enamel is 
smooth, glistening, and white, usually with a faintly bluish tint and slightly translucent. 

The chief attributes of the incisor tooth abnormality were an initial subnormal development 
and subsequent retarded and abnormal growth. The most frequently observed condition at 
birth was the absence of, or the rudimentary state of one or more of the teeth. In a good 
many cases, the point of an uncruptcd tooth was palpable through the gum but in others 
nothing of this sort could be felt. The absence of one or both uppers occurred more fre- 
quently than a similar condition of the lower incisors while the absence of all four teeth was 
occasionally observed. In some cases, only one incisor was seen. The appearance of the 
incisor teeth on the 2nd day of life of a normal rabbit and a litter mate with osteopetrosis is 
illustrated in Fig. 1; in this case the upper incisors were not erupted and the lowers were 
slanting and convergent. 

There were also at birth less obvious tooth abnormalities comprising some peculiarity of 
size, shape, color, or position. In many of these instances, the tooth was somewhat small, 
and was apt to be out of line with the other member of the pair and more or less separated 
from it, the cutting edge was frequently curved or slanting or somewhat pointed instead of 
straight, and the enamel had an opaque slightly yellowish color. Various combinations of 
incisor_ abnormalities were seen, as for example, an absent pair and one abnormal and one 
normal appearing tooth of the other pair. Occasionally only one of the four teeth was sus- 
piciously small. 

Within a few days, the condition noted at birth became accentuated and other 
abnormalities were apt to occur as well, as can be seen in the photographs of 
several cases from 6 to 35 days of age (Figs. 2 to 7). 

The abnormalities most frequently observed as the disease progressed were a 
retardation or suppression of growth of the teeth and shedding of them. 

Small stunted teeth were apt to be deformed and abnormally placed and often the pair 
was convergent (Fig. 2) or more or less widely separated (Fig. 5). The enamel of these 
abnormal teeth was often an opaque dirty grey color or a dull yellowish white. In some cases 
the incisor teeth retained their infantile proportions with no apparent growth whatever. Such 
teeth were usually widely separated and rotated or twisted in position. The photograph in 
Fig. 6 illustrates this condition of tiny peg-like teeth in a 21 day old case. On the other hand, 
there were a few instances in which an originally small tooth became a thin spindly fragile 
structure which might be longer than normal (Fig. 7). 

The shedding of an abnormal tooth or even of an apparently normal one was often observed 
(Figs. 2, 3, 4, and 7). It usually occurred in the first few days of life but sometimes not until 
the animal was a week or 10 days old. The absence of all four incisors in a 9 day old rabbit 
is shown in Fig. 3. In this case at birth the left upper incisor was missing, the right upper 
was a small short tooth, and the lowers appeared to be normal; the three teeth were shed 
between the 6th and 9th days. An x-ray photograph of this rabbit is reproduced in the fol- 
lowing paper (S, Fig. 5). 
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In another case of a 13 day old rabbit shown in Fig. 4, a small right lower incisor was shed 
between the 4th and 6th days. Both upper incisors were missing from birth. X-ray photo- 
graphs of the jaws and other bones of this animal also appear in the following paper (5, Fig. 

9). 

The eruption of a second tooth in the gum area of the shed incisor was a fairly common 
occurrence; usually the new tooth was rudimentary and grew but little (Fig. 5). There also 
were instances in which an incisor erupted, usually within the first 2 or 3 cays of life, in an area 
in which at birth no tooth was seen or felt. Such teeth were practically always stunted and 
deformed and remained in this condition. 

As has already been mentioned, certain a nima ls have been classified in a 
group designated as osteopetrosis tarda on the basis of a delayed occurrence of 
incisor teeth abnormalities. At birth the teeth appeared to be normal but 
typical changes soon developed and in the majority of animals at 3 to 4 days of 
age. The subsequent general course of events was comparable to that of the 
usual case. 


Shedding of incisor teeth was relatively frequent in tarda cases and was often followed by 
the abnormal growth of one or more of the remaining teeth as is illustrated by the photograph 
of a rabbit 35 days of age (Fig. 7). At this time the right upper incisor was a short stumpy 
tooth which slanted toward the midline and was widely separated from the smaller somewhat 
pointed left upper incisor. Both lower incisors were abnormally long and widely separated. 
The enamel of all four teeth was dull, opaque, and white. At birth, the teeth appeared normal 
but at 3 days of age little or no development of the uppers was apparent and by the 10th day 
the subnormal condition was marked. By the 16th day, the left upper was missing and the 
lowers were longer than normal. On the 25th day, there were two very' short stumpy upper 
incisors, a second left upper meanwhile having erupted. In the nest 10 days, there was slight 
growth of the uppers but a considerable overgrowth of the lowers. During this period the 
general condition of the animal underwent a rapidly progressive deterioration. 


It has been mentioned that abnormalities of the molar teeth similar to those 
of the incisors were observed at postmortem examination. Many of these 
teeth were not erupted while others were small and irregularly placed. It was 
evident that the underlying condition responsible for the abnormal condition 
of the incisor teeth was not confined to the anterior regions of the jaws but that 
it extended throughout both bones. Cleft palate was not seen. 

Size . — At birth, rabbits with osteopetrosis tended to be slightly smaller than 
their normal litter mates. On the basis of mean body weights the difference 
was comparatively minor. In a group of 161 cases and 353 normal sibs, for 
example, the mean birth weights were 44.5 and 46.2 gm. respectively. The 
frequency distribution curves of birth weight values, however, give a better 
idea of the size variations encountered. 


Tbe curves in Chart 1 were drawn at 5 gm. intervals. Tee one representing the birth 
weighs of normal rabbits approaches a normal frequency curve and its peak practically 
cc*..gccs with the mean, value for the group. The curve representing the diseased rabbits Is 
wore irregular and does not reach as high a level. Furthermore, the position of its two highest 
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points is to the left and below the peak of the normal curve. One of these two points rep- 
resenting the 35-39.9 gm. class is only slightly lower than that of tire next highest class in 
which tire mean value of 44.5 gm. falls. These classes comprise 60 animals or 37.3 per cent 
of the group; with the inclusion of the next highest class, 45-49.9 gm., a total of 86 cases, or 
53.4 per cent of the group, is represented. A similar comparison with the normal sibs shows 
that in the 45-49.9 gm. class which contains the mean value, there were 79 or 22.4 per cent of 
the total group represented. With the inclusion of the two adjacent classes of 40-44.9 and 
50-54.9 gm., the number of animals represented is 183 or 51.8 per cent of the group. Slightly 
more than half the rabbits of each group fall in the class containing the mean weight value and 



Chart 1. Distribution frequencies of birth weight values. 

the two adjacent weight classes, but the position of these classes for the diseased rabbits is to 
the left and slightly below that for the normal litter mates. 

A comparison has also been made of the relationship of the weight of each 
individual in a litter expressed in terms of a percentage of the weight of the 
heaviest litter mate (14). This procedure eliminates the variations due to 
differences in the absolute weights of animals of different litters since all obser- 
vations are given a relative value. The percentage values were grouped m 
classes in descending order of magnitude while the frequencies in each class 
were expressed in relative or percentage values of the total number of rabbits. 
The results of this analysis are shown in Chart 2. The curve representing the 
161 cases of osteopetrosis generally resembles that for 353 normal litter mates 
but its comparative height and position indicate the tendency 'of these cases 
toward small rather than large size. 

Course of Disease and Length of Survival . — As has already been pointed out, 
there is nothing unusual or peculiar in the general appearance of osteopetrosis 
animals at birth or for the first few days of life except the abnormal condition 
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of the teeth. The animals are well developed and well nourished. Nursing 
usually proceeds normally, there are no obvious gastrointestinal disturbances, 



Cha£t 2. Distribution frequencies of birth weight values in terms of the per cent of the 
heaviest sib. The number of animals in each weight class is expressed as a per cent of the 
total number of animals. 

the body weight increases, and growth is evident. Within a short time, how- 
ever, often by the 14th day or even earlier, signs occur, the most striking being 
a retardation of growth followed by the development of an outspoken cachexia. 
The rate of body weight gain decreases and ultimately there is actual weight 
loss. These several features are illustrated by the weight curves in Charts 3 
and 4. 

It will be noted from the curves in Chart 3 representing 3 cases of oste- 
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opetrosis, that all body weight values were smaller than the mean values of 5 
normal sibs. 

All the diseased rabbits, A, B, and C, continued to gain weight for a fortnight at approxi- 
mately the same rate as the normal animals. From this time on there was a progressive 
weight loss with the exception of one temporary reversal in the case of rabbit C from the 19th 



» Chart 3. Body weight values of 3 rabbits with osteopetrosis and 5 normal litter mate 
rabbits from birth to 33 days of age. For the normal sibs, mean values arc used. 

to the 23rd day. The first death, that of rabbit A, occurred on the 27th day; the body weight 
had decreased to the level reached on the 9th day. Rabbit B, killed on the 27th day, was in 
quite good physical condition with a weight only slightly lower than that on the 16th day. 
Rabbit C survived to the 33rd day; the body weight was then at a somewhat lower level than 
the peak value on the 16th day. Meanwhile, all S normal sibs continued to grow rapidly, 
particularly after the first fortnight. At the time rabbit C died the mean weight value of the 
normals was approximately 4 times the weight of C. 

Chart 4 contains the curves representing body weight values of two normal 
and two osteopetrosis litter mates. 

At birth and at 3 days of age, the weights of all the animals were practically identical but 
from then on, both normal animals, A and B, gained weight much more rapidly than C and B, 
the rabbits with osteopetrosis. In the case of rabbit D there was a stabilisation of weight on 
the 9th and 11th days and a slight loss on the 13th day when the animal was killed. In the 
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case of rabbit C, a similar weight stabilization occurred but on the 13th day a slight gain was 
found and further gains took place until the 23rd day; thereafter there was a loss of weight 
and the animal was killed on the 27th day. At this time the weight of one normal was 2 \ 
and that of the other normal was 3 times the weight of rabbit C. 

There was a considerable variation in the course of the disease particularly 
with respect to the time of development of the cachexia and its rate of progress. 
The opening of the eyelids usually took place at the normal age of 10 to 11 days 



Chart 4. Body weight values of 2 rabbits with osteopetrosis and 2 normal litter mate 
rabbits from birth to 27 days of age. 

but a delay of 2 or 3 days was not infrequent and in these cases the gain in 
weight was often comparatively slight and death was apt to occur early, that is, 
in the 2nd and 3rd weeks. In the majority of cases, however, the course of 
events was more prolonged, the animals continued to nurse, and many ex- 
hibited a surprising activity in spite of evident malnutrition and progressive 
"•eight loss. The small size of affected rabbits particularly after the 2nd week 
was very striking. 

An idea of the manifestations and course of the disease can be obtained by 
comparing the photographs of three cases with those of three normal litter 
l^ tcs ’ ^ lc appearance of the first case and a normal sib on the 7th, 15th, and ' 
*’* 1 1 da - vs is shown in Figs. S, 9, and 10, respectively. The photographs of 
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another pair on the 16th and 24th days appear in Figs. 11 and 12, while a third 
example on the 34th day is shown in Fig. 13. 

The most obvious feature of these photographs is a difference in size, the 
retardation of growth becoming more striking with increasing age and disease 
progression. It was already apparent at 7 days of age in the case pictured in 
Fig. 8 and it was marked at the older ages illustrated in Figs. 9 to 13. As the 
disease progressed other signs developed. The fur became dull and somewhat 
rough or irregular and fluffy or nappy (Figs. 10 and 12). Eventually, a spotty 
thinning of the coat might occur and sometimes there were small areas of 
alopecia particularly in the cervical region. An ophthalmia was frequent. 
The eyelids were apt to droop, the corneas appeared dull, lacrimation was likely 
to be excessive, and often tiny crusts or scales accumulated on the lids (Figs. 
10 to 12). Not infrequently the secretion was thick and gummy and occasion- 
ally the lids were sealed. 

By the 4th week or even sooner, emaciation and evident weakness were 
usually present. In these cases the skin lost its normal tautness and the muscu- 
lature felt soft and flabby. As the disease progressed, malnutrition and weak- 
ness became increasingly pronounced with eventual prostration and death. A 
few days before death, a thin mucous or watery diarrhea often developed. In 
some cases, the abdomen became prominent and bloated. The rabbit whose 
photograph on the 16th and 24th days is reproduced in Figs. 11 and 12 showed 
a steadily deteriorating condition and was killed, together with the normal litter 
mate, on the 27th day. The x-ray photographs of the skeletons appear in the 
following paper (5, Figs. 17 and 19). 

The great majority of deaths occurred in the 4th and 5th weeks as is shown 
by the frequency distribution curve of the length of survival of 243 cases 
(Chart 5). It should be mentioned that 34 of these animals, or 14 per cent, 
were killed for blood chemistry determinations and other studies. Their 
distribution is indicated on the chart and it will be noted that in most age 
groups, their number in proportion to the total number of animals in the group 
is small. There were two exceptions. In the 13-15 and the 19-21 day groups, 
the proportion of killed animals was 53.3 and 38.9 per cent respectively. From 
what is known of the disease, it is probable that the older cases at least would 
not have survived much longer. However, it should be pointed out that 
contrary to the usual experience with diseased rabbit nurslings, predictions of 
probable length of life, especially of cases surviving more than a fortnight, were 
not too reliable. Some rabbits whose general condition did not seem immedi- 
ately critical promptly died while others continued to live for several days in 
spite of marked emaciation. 

As has already been pointed out, certain of the longer lived cases belonged in the tarda 
class of the disease. There were 17 such animals in the total group of 243 cases represented in 
Chart 5; their distribution is shown by vertical bars at the base of the chart. It will be noted 
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that 13 lived longer than 2 weeks and that 8 of these died in the 5th, 1 in the 6th, and 1 in the 
10th week of life respectively. 

Hydrocephalus . — Other signs of the disease which have been seen more or less 
frequently will now be described beginning with hydrocephalus. At first this 
condition was thought to be fairly common and together with the manifestation 
of prominent eyeballs, was responsible for the laboratory nickname of “hydro- 
bugeye.” Although some instances of hydrocephalus were found at birth most 
of them developed within the 1st week of life. Further experience, however, 



Chart 5. Distribution frequencies of length of survival of 243 rabbits with osteopetrosis, 
including 34 that were killed. 


did not support the early impression of the comparative frequency of hydro- 
cephalus and, actually, its incidence rate is not known. Postmortem exami- 
nation of many cases in which a slight or a fair degree of hydrocephalus was 
thought to be present failed to reveal any evidence of it. The prominent 
calvarium and apparently: increased fluctuation over the posterior fontanelle 
t'ere deceptive. The history' of similar cases together with the character of the 
skull bones at different ages suggests that the probable explanation lies in the 
deficient calcification of the skull and delayed closure of the sutures which give 
the impression of floating bones. The pressure of the growing brain on patho- 
logical bones may also be a contributing factor. 

On the other hand there were definite instances of hydrocephalus in which 
the diagnosis made during life was confirmed at autopsy. In most of these 
unmistakable cases, a progressive dome-like expansion of the posterior cal- 
varium occurred over a period of a few days. Some of these cases were held 
°r observation and in a few of them gradual regression of the condition took 
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place and only a minor degree of hydrocephalus was found at postmortem ex- 
amination. Finally there were still other cases in which hydrocephalus was 
not suspected during life but which showed this condition at autopsy (6). 

Exophthalmos . — As has just been mentioned, prominence of the eyeballs was observed and 
in a few cases extreme grades amounting to well marked protuberance developed. Certain 
conspicuous examples are known to have occurred in hydrocephalic cases, but in others scarcely 
less pronounced, no evidence of hydrocephalus was found at autopsy. Although the condition 
was not marked in the majority of cases, the incidence of some slight or minor degree of eyeball 
prominence was fairly frequent. It was noted at birth or within a day or so and usually it 
had subsided after about a week or 10 days. It appears likely that the circumstances just 
suggested as being responsible for the erroneous diagnosis of hydrocephalus were also directly 
related to the manifestation of prominent eyeballs. 

Neurologic Signs . — There were a few cases in which uncoordinated and athetoid movements 
of the head and body were seen. These symptoms usually developed within the first 3 or 4 
days but sometimes they were not noted until the 2nd week. Tremors of the head and oc- 
casionally of the entire body have also been observed. In certain animals there was a lateral 
spasmodic shaking of the head toward one side only or sometimes toward one side and then 
toward the other. Other animals displayed a peculiar weaving motion of the head. There 
were a few instances of opisthotonos and in one case, it was marked. Jerking movements of 
the eyeballs, a nystagmus, have occurred. In some rabbits, the movements suggested an 
interference with vision and in addition, the face had a strange blank expression. In these 
cases tire pupillary light reflex was thought to be sluggish or absent. 

The majority of the^cascs were examples of an early fatal outcome but a few survived for 
upwards of 3 weeks. In the latter individuals particularly it was noted that there was a 
considerable variation with respect to the constancy of the peculiar movements. At one 
examination, for example, the condition was striking, but on the next it might be compara- 
tively minor or practically absent. It should also be mentioned that the development of the 
neurologic signs was not necessarily associated with malnutrition or advanced cachexia. 

With the development of unusual disturbances of movement and possibly of vision, the 
presence of hydrocephalus was suspected and searched for. Again, it was demonstrated in 
some animals but not in others. 


Gcnclic Data 

As has already been stated, the individuals known to represent cases of 
osteopetrosis were the only members of their litters which showed any ab- 
normalities at birth or subsequently which could befjdirectly attributed to the 
disease. X-ray photographs of a large number of these apparently normal 
rabbits were taken not only for control purposes in connection with their osteo- 
petrosis litter mates but also with the possibility in mind that abnormal bone 
conditions might be disclosed in some animals. None was found. 

Since the disease was invariably lethal 'within a few weeks and since transmitters could be 
identified only by breeding tests, genetic studies were necessarily carried out with such animals. 
A number of identified transmitters were mated with unrelated rabbits, including examples of 
pure breeds, to form an Fj hybrid generation, and these animals in turn were tested for trans- 
mission of the condition. Those found to be transmitters were then interbred to form an Fj 
generation. 



LOUISE PEARCE AND WADE H. BROWN 


591 


The 293 cases of osteopetrosis here considered occurred among 1015 total births contained 
in 169 litters. The incidence of the condition is 28.87 per cent. On the basis of a simple 
recessive factor, one-fourth, or 254 animals, would be expected to show the condition. There 
is no significant deviation between the observed distribution of rabbits with osteopetrosis 
and normal litter mates and the expected distribution on the basis of genetic principles as 
shown by the chi-square test of homogeneity (A T = 1, P = 0.05+). Of the total number of 
progeny, 314 rabbits contained in 51 litters were derived from F» matings, their Fj parents 
being outcrossed hybrids. The number of cases of osteopetrosis in the groups was 79, an 
incidence of 25.16 per cent. 

The disease is not sex-linked Of a total of 212 cases whose sex was determined, 109 were 
males and 103 were females. There was likewise no preponderance of either sex in the normal 
progeny of the osteopetrosis stock nor in the pure bred Dutch stock in which the condition was 
first seen. 

There was no unusual relationship between the frequency distribution of osteopetrosis 
cases and the size of the litters. The 169 litters contained from 2 to 11 animals, the average 
number being 6. A curve drawn to illustrate the frequency' distribution of the litters in 
relation to litter size approaches a normal frequency curve. The same is true of the distribu- 
tion curve representing the number of cases in the several litter classes or sizes. 

In analyzing the proportion of the total number of osteopetrosis rabbits to the total number 
of births in each litter class it was found that in the smaller litters of 2, 3, and 4 animals, the 
proportion of diseased rabbits ranged from 50.0 to 39.3 per cent. In the litter classes of 5 
and 6 animals, the ratios were 34.4 and 30.3 per cent respectively. In the remaining classes 
of 7 to 11 animals, the ratios varied from 25.8 to 18.1 per cent. The largest number of total 
births in any litter class, 203, occurred in the class of 7 animals; of these births, 49, or 24.1 
per cent, were cases of osteopetrosis. 


DISCUSSION 

The hereditary morbid condition of the rabbit here designated as oste- 
opetrosis is considered to be a disease entity on the basis of, first, a well defined 
complex of manifestations and a distinctive course which have been described 
in the present paper and, second, characteristic bone changes observed in x-ray 
photographs and in postmortem material. These latter are discussed in later 
reports (5, 6). The several manifestations are peculiar to this condition and 
have not otherwise been observed in a large rabbit stock maintained as a 
colon}' in this laboratory nor have they been reported elsewhere so far as is 
known. 

The disease is notable in several respects. In the first place, it is present at 
birth and is invariably fatal; the majority of cases survive to the 4th or 5th 
neck of age. The diagnosis which is made at or within a few days of birth is 
based upon the peculiar appearance of the incisor teeth. The underhung con- 
dition is in reality one of subnormal and disturbed development of the entire 
skeleton. In anticipation of the observations described in the following paper 
(5), it may be stated here that the characteristic appearance of the bones in 
*-ray photographs of tire younger cases is one of practically uniform density or 
opacity with little or no suggestion of differentiation. In older cases, some 
degree of differentiation is seen. 
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Retarded growth is constantly observed. At birth, the size of the animal 
tends to be somewhat small in comparison with normal litter mates and the 
difference is indicated by body weight values. With increasing age, growth 
becomes increasingly and markedly retarded and eventually there is actual 
weight loss. The smaller size of the bones as compared with those of normal 
litter mates of the same age is very striking (5). Malnutrition, weakness, 
gastrointestinal disturbances, and prostration arc characteristic manifestations. 
Hydrocephalus has occurred and variable degrees of prominence of the eyeballs 
are frequently observed. Peculiar muscular movements have occasionally 
been seen. 

The disease is hereditary and the mode of inheritance is on the basis of a 
simple recessive unit factor. The appearance of unaffected litter mates is 
entirely normal and transmitters of the disease (heterozygotes) can be identified 
only by breeding tests. The condition was first observed in the backcross 
progeny of a pure bred Dutch rabbit. 

The condition bears a striking resemblance to the disease of man first de- 
scribed as marble bones and more recently as osteopetrosis. In the severe form 
of infants and young children, physical underdevelopment is usually observed 
and the characteristic dense appearance of the skeleton in x-ray photographs is 
pathognomonic. Other manifestations such as tooth defects, hydrocephalus, 
and optic atrophy are often present. An anemia is generally found and this is 
also a prominent feature of the disease of the rabbit (5). Again in anticipation 
of a later report (6), the resemblance of the bone lesions to those of human 
osteopetrosis is striking. In both conditions there is a failure ora deficiency in 
bone absorption. Finally, the human disease shows a strong familial tendency 
and many authors have stated that it is hereditary, an autosomal recessive 
factor being concerned. However, certain parent-offspring cases have oc- 
curred. Nussey (13) refers to the records of 7 families with 26 cases in whom 
the disease was observed in more than 1 generation; in 6 families, 2 generations 
and in 1 family, 3 generations were affected. These observations raise the 
question of an irregular dominant factor. This difference in inheritance of the 
human and the rabbit disease, if it exists, is commonly observed in a comparison 
of the inheritance of the same abnormality in man and in lower animals. 

Hupian cases in all age periods have been observed but the majority are in infants 
and children (15). The occurrence of cases in young infants together with the general 
character of the symptoms, and in particular retardation of growth and dentition, has 
led to the opinion that the onset of the disease is in fetal life. That this actually 
occurs has been shown by the demonstration of typical findings in a 6 months 
fetus (10). In a recent monograph, Dierickx (16) states that the disease is character- 
ized as a recessive hereditary morbid condition, the onset coinciding with the first 
appearance of ossification, about the 2nd fetal month. It has been suggested by 
several authors that probably many cases die in utcro and others soon after birth. 
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The disease is much more severe in younger than in older patients and a compara- 
tively rapid fatal outcome is frequent. In adult cases, on the other hand, the disease 
is characteristically benign and the presence of typical bone changes is generally 
discovered only by chance, as from a dental x-ray examination. It is not known when 
the bone abnormality of these cases was initiated although the presumption is that 
it began in early or even in fetal life. As the matter now stands, it appears that the 
survival of the adult case depends largely on the absence of what have been called 
secondary characteristics of the disease, whereas the early development of these 
manifestations causes death in a relatively short time (9) . Such symptoms as physical 
underdevelopment, imperfect dentition, hydrocephalus, and in particular anemia, are 
in all probability incompatible with life. 

No explanation for the development of severe manifestations in one individual and 
not in another is available. The suggestion has been made that actually there are 
two, or less probably three, distinct conditions having the feature of characteristic 
skeletal change in common but with other dissimilar symptoms and in addition, 
different genetic relationships (13, 17, 18). In the case of the severe infantile disease, 
the operation of a recessive factor has been invoked and for the benign adult condition, 
a dominant factor. Up to the present, however, the number of cases adequately 
investigated from an hereditary standpoint is too small for a final opinion on the 
subject 


The condition of hereditary osteopetrosis in the rabbit is considered to be the 
counterpart of the severe infantile form of the human disease and the question 
of a benign adult form with characteristic bone changes as the chief or only 
abnormality, has not arisen. At least, in an extensive survey of adult rabbits 
of the stock, including a large number of x-ray examinations, no example of 
adult marble bones has been found. 

Finally, mention should be made of a skeletal condition resembling osteo- 
petrosis which occurs in two other species, the mouse and tbe Florida manatee, 
and also in the dugong, which is closely related to the manatee. It is of interest 
that these species represent such distinctive orders as the Rodentia and Sirenia 
among the mammals. 


In the grey-lethal mouse described by Griineberg (19-22) the formation of all the 
yellow pigment of the coat is suppressed, secondary bone absorption is completely 
absent, the teeth fail to erupt because of the resistance of the bone, growth is retarded, 
and death occurs between the 22nd and the 30th day of age. Anemia, however, does 
not develop as is the case in the rabbit (S). An autosomal recessive gene is the basis 
for the condition. The gene arose presumably by a spontaneous mutation in a 
laboratory stock of the house mouse. 

The order Sirenia includes 2 living families of aquatic placental mammals, the 
Manatidac or manatees and the Halicoridac or dugongs. The members of both 
arnilies are remarkable for their exceedingly dense and massive bones. The med ulla ry 
cavity is entirely lacking in the long bones and ribs. 

Histologic studies on fetal and adult specimens of the Florida manatee made by 
a».cctt (23) showed that there was a suppression of bone absorption. Fawcett 
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considered that osteogenesis in Sirenia, in athyrcotic states of man and experimental 
animals, and in marble bone disease of man, has certain features in common: delayed 
growth in length of bones with relatively normal growth in diameter; incomplete 
differentiation of periosteal bone into Haversian systems; retardation of endochrondral 
ossification, with disorderly arrangement at the diaphyscoepiphyseal junction; a 
diminution in number and activity of osteoclasts; unusual persistence of unabsorbed 
calcified cartilage and primary non-lamcllar bone; and a reduction in the amount of 
functional bone marrow. There also was evidence of an inherent hypofunctioning of 
the thyroid gland. Because of the similarity of the microscopic structure of the bone 
in marble bone disease of man, to those in sirenian bone and in skeletons of athyrcotic 
animals, Fawcett suggested a possible endocrine basis for all three conditions. 

The descriptions of the skeletal abnormalities in the grey-lethal mouse 
suggest man}' points of resemblance to osteopetrosis of the rabbit. Further- 
more, both conditions have a lethal effect and both are inherited on the basis 
of a single recessive gene which in both cases arose as a presumably spontaneous 
mutation. The analogy between osteopetrosis of the rabbit and the severe 
infant and juvenile form of marble bone disease in man has already been drawn 
and it seems not unlikely that the grey-lethal mouse may belong in the same 
category. 

In the case of Sirenia, however, the skeletal peculiarity is a characteristic 
feature of the species and must be considered a normal, not an abnormal, con- 
dition. How close a comparison may be drawn with the benign adult form of 
human osteopetrosis is not clear but except for certain skeletal changes, there 
is actually little resemblance to hereditary lethal osteopetrosis of the rabbit or 
to the severe osteopetrosis disease of infants and young children. 

summary 

The manifestations and course of an hereditary disease of the rabbit are 
reported. The condition is present at birth and is invariably fatal, generally 
in the 4th and 5th weeks of age. Retardation and eventual cessation of growth 
with marked reduction in size are conspicuous characteristic symptoms. 

The condition, which first occurred in the backcross progeny of a pure bred 
Dutch male rabbit, is inherited. It is determined by the expression of a 
simple recessive unit factor, affected individuals being homozygous for the 
factor. Rabbits heterozygous for the factor are identified only by appropriate 
breeding tests. The condition is not sex-linked. 

The disease has a remarkable resemblance to osteopetrosis or marble bone 
disease of infants and children with respect to signs and general course and also, 
as may be stated in anticipation of later discussions (5, 6), to the characteristic 
abnormal condition of the skeleton. 
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EXPLANATION- OF PLATES 

All illustrations are reproduced from untouched photographs made by Mr, J. A. Carlile. 

Plate 33 

Fig. 1. The incisor teeth of a normal rabbit and a litter mate with osteopetrosis 2 days old. 
Each weighed 65 gm. and was in excellent condition. In the diseased rabbit on the right no 
upper incisors were visible and only tiny points were palpable through the gum. The slightly 
separated lower incisors were convergent. The right lower was approximately normal; the 
left lower was a small very slanting tooth placed slightly posteriorly. X 1.84. 

Fig. 2. The incisor teeth of a normal rabbit and an osteopetrosis litter mate 6 days old. 
Both were in excellent condition; the normal weighed 132 gm. and the diseased animal 112 gm. 
In the osteopetrosis rabbit on the right the right upper was a small slanting tooth with an 
opaque slightly bluish white color. At birth, both uppers were erupted; they were small 
teeth and tire shorter left tooth was missing on the 4th day. The lower incisors were also 
erupted at birth but they were slightly smaller than normal. The difference in size persisted 
and the teeth became convergent. Their distal half was an opaque yellowish white white the 
proximal portion was a semiopaque grey, X 1.04. 

Fig. 3. The incisor area of a normal rabbit and of an osteopetrosis sib 9 days old. Both 
were in good condition; the normal weighed 200 gm. and the diseased animal 154 gm. In the 
osteopetrosis rabbit on the right all 4 incisor teeth were missing. At birth, the left upper was 
missing and the right was a very small short tooth but the lowers appeared to be normal. 
These 3 teeth were shed between the 6th and 9th days. X 1.04. X-ray photographs of the 
jaws and other bones of this animal arc shown in the following paper (5, Fig. 5). 

Fig. 4. The incisor teeth of an osteopetrosis rabbit aged 13 days. The body weight was 
140 gm. and the general condition was fairly good. Both upper incisors were missing from 
birth. There was also no right lower incisor and the left was small and poorly developed. At 
birth, both lowers were short and small and the shorter right tooth was shed between the 4th 
and 6th days. X 0.49. Skeletal x-rays of this rabbit appear in the following paper (5, Figs. 

9 and 10). 

Fig. 5. The incisor teeth of an osteopetrosis rabbit aged 16 days, weighing 294 gm. and in 
good condition. The point of the right upper could just be felt deep in the gum; the left 
upper was a tiny thin sliver-like tooth. The lower incisors were very small frail short teeth, 
quite widely separated and slightly convergent. X 0.50. 

At birth, there was a small right upper incisor but the left upper was not seen or felt; the 
lower incisors had a normal appearance. By the 7th day, the right upper was shed and the 
lowers were developing very slowly. Toward the end of the 2nd week, the point of the left 
upper appeared but there was comparatively little growth of the lower teeth. The appearance 
of this animal on the 16th and 24th days is shown in the photographs in Figs. 11 and 12. It 
was killed with chloroform on the 27th day and an x-ray photograph of the anterior skeleton 
is shown in the following paper (5, Fig. 17). 

Fig. 6. The incisor teeth of an osteopetrosis male rabbit, aged 21 days, weighing 280 gm., 
well nourished, and growing. The upper incisors were still of infantile proportions; they 
were practically perfect in form but their position was twisted, the right being rotated upward 
and the left downward. The lower incisors were minute peg-like, separated teeth. There 
had been practically no change in the appearance of all 4 teeth since birth except ns regards 
changes in position relative to one another. The animal died 15 days after this photograph 
was taken. X 0.50. 

Fig. 7. The incisor teeth of a rabbit with osteopetrosis tarda aged 35 days. The slanting . 
right upper was a short stumpy tooth widely separated from its smaller somewhat pointed 
mate. The separated lowers were abnormally long. The enamel of nil 4 teeth was dull, 
opaque, and very white. 

At birth, the incisors appeared normal but at 3 days of age, the uppers were small and 
separated and at 10 days were tiny fragile teeth. By the 16th day, the left upper was missing 
and the lowers were thin, long, slightly curved, and separated. At 30 days, both sets were 
growing and continued to do so, although the general physical condition rapidly deteriorated. 
Death occurred a few hours after this photograph was taken. X 0.63. 
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Fig. 8. Photograph of a rabbit with osteopetrosis on the left and a normal litter mate on 
the right aged 7 days. The respective body weights were 14S and 190 gm,; at birth the af- 
fected rabbit was slightly the heavier, the weights being 57 and 50 gm. respectively. Other 
than the small size and the condition of the teeth there was nothing unusual in the general 
appearance of this animal. The state of nutrition was excellent and the coat was thick, 
uniform, and sleek. The upper incisor teeth were missing while the right lower was slightly 
shorter than the left lower. X 0.27. 

Fig. 9. The same rabbits shown in Fig. 8 at 15 days of age; the diseased rabbit weighed 224 
gm. and the normal litter mater 286 gm. The difference in size had now become well matked 
but the nutritional stale of the osteopetrosis rabbit was still good nnd growth was continuing. 
The condition of the coat was also good. The eyelids happened to be closed in the photo- 
graph. The upper incisor teeth could still not be seen nor felt but development of the lower 
incisors was progressing well. X 0.27. 

Ftc. 10. The same rabbits shown in Figs. S and 9 at 27 days of age. The size and weight 
differences were now pronounced; the osteopetrosis animal weighed 320 gm. and the normal 
litter mate 530 gm. The diseased animal was still lively and active and the nutritional slate 
was still comparatively good hut the coat had become somewhat fluffy and dull and the 
lacrimal secretion was slightly excessive and somewhat thickened. X 0.27. 

The [joints of the upper incisors were first seen 5 days before this photograph was taken 
but in the interval, very little growth had occurred. The lower incisors were rather long 
narrow slightly separated teeth, of an opaque dull yellowish white color. For about 10 days 
after this photograph was taken, the general condition continued to he fair and the body 
weight increased to 374 gm. But on the 39th day the weight had decreased to 356 gm. and 
death occurred 2 days later. 
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Fig. 11. Photograph of a rabbit with osteopetrosis on the right and a normal litter male 
on the left aged 16 days. The body weights were 294 and 420 gm. respectively; at birth the 
diseased rabbit weighed 65 gm. and the normal sib 74 gm. The diseased animal was lively 
and still in a good state of nutrition and growing. The coat was normal. The lacrimal 
secretion had increased in amount and was more viscous than normal and there were small 
gummy crusts on the eyelids. The lids were sealed until just prior to the time the photograph 
was taken. The condition of the incisor teeth on this day is shown in Fig. 5. X 0.24. 

Fig. 12. Photograph of the same rabbits shown in Fig. 1 1 at 24 days of age. The normal 
litter mate on the left weighed 592 gm. The diseased rabbit on the right weighed 31S gm.: 
the general physical condition was still fairly good but an indication of the progress of the 
disease is indicated by body weight values. The peak weight of 336 gm. was reached on the 
20th day and was maintained for 2 days; thereafter there was a progressive loss of weight 
amounting to 18 gm. on the 24th day, when this photograph was taken, and a further 10 gm. 
during the next 3 days when the animal was killed with chloroform. The photograph shows 
the somewhat droopy eyelids, dull cornea, and the accumulation of tiny crusts on the lids. 
The coat was beginning to he rough, irregular, and dull and there was some fecal staining about 
the anus and external genitalia. X 0.24. The appearance of the incisor teeth was essentially 
unchanged from that shown in the photograph of Fig. 5 taken at 16 days of age. X-ray films 
of the anterior skeletons at 27 days appear in the following paper (5, Figs. 17 and 18). 

Fig. 13. Photograph of a rabbit with osteopetrosis on the right and a normal litter mate on 
the left aged 34 days. The normal sib weighed 640 gm. and was growing well. The much 
smaller osteopetrosis animal was in the terminal stage of cachexia; the body weight was 222 
gm. The highest recorded weight of this animal was 271 gm. on the 25th day; thereafter there 
was a steady loss of weight. During the week prior to the day this photograph was taken, the 
loss had amounted to 35 gm. while the normal litter mate had gained 19S gm. There were 
marked weakness and apathy, and an excessive lacrimal gummy secretion, first noted at 2 
weeks of age, had become pronounced. An edematous swelling of the external genitalia 
developed at 3 weeks of age, persisted for several days, and subsided. The coat changes in 
this animal were comparatively minor. None of the incisor or the molar teeth was erupted 
and none could be felt through the gum. X 0.24. 
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The signs and course of hereditary ostepetrosis in the rabbit have been 
described in the preceding paper (1). The disease is present at birth and is 
characterized by retardation of growth, progressive malnutrition, anemia and 
cachexia, and a fatal termination usually in the 4th or 5th week of age. Of 
particular significance are marked bone changes which are a constant feature 
of the condition. 

The investigations on the disease included x-ray examinations of the skeleton, 
hematologic examinations, and blood and tissue chemical determinations. 
The results of these studies are reported in the present paper. Postmortem and 
histologic observations are presented in a subsequent paper (2). 

Materials and Methods 

The present study is based on 293 rabbits with osteopetrosis and 722 normal litter mates 
contained in 163 litters together with other normal related and unrelated rabbits of comparable 
ages. 

X-ray photographs of the skeleton of the majority of cases were taken at the time of death, 
first, for the purpose of confirming the diagnosis and, second, for providing material for study 
in connection with other observations (1) and with the postmortem and histologic findings 
(2). A typical series of x-ray photographs of cases at successive stages of the disease is re- 
produced in this paper. These photographs with a single exception, and all those of the normal 
filter mates, were taken immediately after the animals had been killed with chloroform. 

Hematologic examinations were carried out on a group of osteopetrotic rabbits and normal 
litter mates; in a few instances normal animals of the same age and stock but from different 
litters were used. Both single and repeated counts were made. The single counts were 
earned out on 52 cases and 47 normal rabbits respectively. There were 45 repeated counts 
°n 17 cases and 84 on 47 normal rabbits. The age of the rabbits ranged from 1 to 39 days. 

Blood chemical examinations were carried out on 55 cases and 5S normal litter mates at 
ages of from 1 to 36 days. The blood was obtained by cardiac puncture from chloroform- 
anesthcUzed animals. Scrum calcium was determined by the Cinrk-Collip modification of 
the Kramcr-Tisdall method (3). Scrum inorganic phosphorus, and the phosphatase activity 
°* serum were determined by Bodanskv’s methods (4). The Folin-Wu method (5) was 
used for blood sugar determinations and the Sackett method (6) for blood cholesterol. 

Liver ar.d muscle glycogen determinations were made on 45 osteopetrotic rabbits and 30 
normal litter mates ranging in age from 1 to 36 days. Boliman’s modification of Pfuger’s 
method (7) was employed; the tissue was removed immediately after death. 
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The hematologic and chemical results were analyzed on the basis of the mean values for 
successive age groups, using intervals of 3 days. This method of analysis was adopted for 
two principal reasons. First, information on the general trend of these factors in relation to 
disease progression was desired. Second, the use of mean values minimized individual animal 
variation. It was found that with the age distribution of the determinations available, mean 
group values at successive 3 day intervals gave a generally good idea of the results. Some 
groups were small although the total number of examinations was fairly large. As was to be 
expected the results were more irregular for the osteopetrosis than for the normal groups and 
there were instances of considerable variation within a group. 

The care and feeding of the rabbits in this colony are elsewhere described (1). 

RESULTS 

The characteristic condition of the skeleton of rabbits with hereditary osteo- 
petrosis as revealed by x-ray examination will first be described. The x-ray 
photographs of 13 representative crises at various ages from birth to 34 days 
together with those of normal litter mates appear in chronological order in 
Figs. 1 to 20 inclusive. The progress and particular character of the disease 
are indicated by the legend notes on the general physical condition and the 
age of the animal. 

The next section contains the hematologic observations, and the third, the 
results of blood and tissue chemical determinations. These data also are pre- 
sented from a chronological standpoint. 

X-Ray Examination of the Skeleton 

The typical features of skeletal change as shown in x-ray photographs have 
been found in all cases from birth throughout life, the average duration of 
which is 4 or 5 weeks. All the bone shadows of the younger cases show an 
intense uniform density with practically no detail. In older animals, beginning 
at about 2 weeks of age, the shadow's are less homogeneous and gradually their 
central portions become more or less translucent but except for the small 
bones of the feet, the appearance does not become normal. Also to be noted is a 
size reduction of the skeleton and particularly a shortening of the long bones. 
It should further be noted that there is some variation in the degree of involve- 
ment of different bones and in the time of development and the eventual degree 
of shadow differentiation. 

At birth, as is seen in Fig. 1, the chief feature of the bone shadows is a homogeneous “solid” 
or opaque appearance without finer structural detail. None of the bones with the partial 
exception ol the vertebrae and sternum shows any suggestion of central cavity differentiation 
and the shadows are intense and uniform. This abnormality is in striking contrast to the well 
formed and relatively large marrow spaces of all the bones of normal new-born rabbits (Fig. 2). 

It was observed that at birth, general bone development was somewhat less advanced than 
in die normal rabbit. An indication of this condition is found in die differences in th'e epiphy- 
seal shadows of die long bones of the x-ray photographs in Figs. I and 2. 

The bones of new-born osteopetrosis rabbits arc well modeled and show no disproportion 
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of size as is the case in hereditary achondroplasia or chondrodystrcphia ioetaiis of the rabbit 

( 8 - 10 ). 

In all cases the bones of the skull vault at birth were characteristically fibrous with a vari- 
able amount of calcification. In the present case, deficient calcification of the calvarium is 
well shown (Fig. 1). 

During the first days of life, growth and development of the osteopetrosis 
rabbit occur and the skeleton, in spite of its markedly abnormal condition, 
participates in these changes although to a variable degree. 

An example of the x-ray appearance of the skeleton at 4 days of age is shown in Fig. 3 and 
one of a normal litter mate appears in Fig. 4. The diseased rabbit was well nourished and in 
excellent condition. It was smaller than the normal sib at birth, 55 gm. as compared with 
70 gm., and the increase in its body weight at 4 days was 64 per cent as compared with a 100 
per cent gain for the normal litter mate. From the measurements obtained from the x-ray 
films, it was found that in the case of the femur and tibia, the lengths of the diseased bones 
were 67 and 75 per cent respectively of the lengths of the corresponding normal bones and for 
the humerus and radius, 60 and 77 per cent respectively. These several values are roughly 
proportional to the difference in the body weight of the two animals, that is, the weight of the 
diseased rabbit, 90 gm., represents 64 per cent of the weight, 140 gm., of the normal litter 
mate. 

The characteristic dense homogeneous shadow of the bones was present at 4 days (Fig. 3) 
but a few tiny less intense areas in the central portions may be seen. None of them, however, 
is comparable to the large well developed marrow spaces of the normal rabbit (Fig. 4). The 
shape of the bones in the diseased animal is generally well preserved but there is a suggestion 
of expansion of the ends of the long bones and of the vertebral ends of the ribs. 

With increasing age, continued although delayed skeletal growth occurred. 
In x-ray photographs, differentiation of bone structure begins to appear but 
the homogeneous dense appearance of the bone shadows is still the outspoken 
feature. 

An example of a typical case and a normal litter mate at 9 days of age arc illustrated in 
Figs. 5 and 6. The diseased animal was growing and apparently in good condition. It will 
be noted that comparatively little differentiation of structure can be discerned in the femoral 
. an( l P c ' v ic bones. There is, however, a faint suggestion of marrow cavity formation in the 
tibia and the bones of the forearm and the central areas elsewhere, particularly in the ribs, 
sternum, vertebrae, and bones of the feet, show some differentiation. In no bone, however, 
is the appearance at all comparable with that of the corresponding bone of the normal litter 
mate. 

Typical examples of the bones of 2 cases at 13 days of age are illustrated by 
the x-ray photographs of Figs. 7, 9, and 10. The nutritional state of both rab- 
bits was good; the animal of Fig. 7 was growing but the body weight of that 
of Figs. 9 and 10 had not increased for 4 days. 

Tte dense homogeneous bon.c shadows in Fig. 7 are perfectly characteristic and are very 
t-nv.'ar lo those of the 9 day old case (Fig. 5) Just described. Both the anterior and posterior 
ends cl some of the ribs are somewhat expanded; the ends of the femur, tibia, and humerus 
-re a.'o moderately expanded and the central portions cf the shafts are slightly constricted. 
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In the second 13 day case, the x-ray photograph (Fig. 9) shows that the marrow cavity dif- 
ferentiation of the leg bones was slightly more advanced than in the other case (Fig. 7). 
There is a considerable expansion together with a pronounced shadow intensification of the 
anterior ends of the ribs. The ends of the long bones are slightly expanded and the central 
portions of the shafts, and particularly that of the femur, are somewhat constricted. There 
is an additional feature in this case which is occasionally found, namely, an indentation or de- 
pression of some of the ribs; in this animal the anterior portions of the 8th and 9th right ribs 
were affected. The condition is faintly suggested in Fig. 9 but it is well shown in the x-ray 
of the dissected bones in Fig. 10. Also well shown in the latter photograph are the dense bul- 
bous ends of the ribs and the homogeneous dense shadows of the sternal bones. These ab- 
normal features arc in sharp contrast to the x-ray findings in a normal rabbit, an example of 
which is included in the same illustration. The appearance of the bodies of the diseased ribs 
(Fig. 10) suggests that a moderate differentiation of marrow cavity had taken place. 

Three cases at 15 days of age will now be described. The first presented 
some unusual features which are disclosed by the x-ray photograph in Fig. 8.. 

Growth of this rabbit had been greatly retarded, the birth weight only having doubled in 
a fortnight, but in spite of evident malnutrition, the animal was comparatively lively up to the 
day it was found drowned in the water trough. In the x-ray photograph most of the bones 
have a characteristic dense shadow with small irregular areas of differentiation. Both femora 
show an extreme shortening together with a marked wasp-like constriction of the central por- 
tion of the shafts. The ends of these bones are expanded. In the tibia and to a less extent 
in the bones of the upper extremity, there is a suggestion of similar changes but in none of them 
does the degree of shortening approach that of the femora. Hydrocephalus which was sus- 
pected during life was found at postmortem examination. There was a marked calcification 
deficiency of the bones of the calvarium and as is seen in the x-ray (Fig. 8) the posterior fon- 
tanelle had not dosed. The bones were brittle as was discovered when the right humerus 
was acddentally fractured at autopsy. 

The other 15 day cases arc represented by portions of the dissected skeletons of 2 litter mates 
shown in Figs. 11 and 12. Also included are the photographs of a front extremity and the 
9th ribs and vertebra of a normal litter mate (Fig. 12). Both diseased rabbits were in good 
physical condition and were growing. It will be noted that in both cases, some differentia- 
tion of long bone structure had occurred and that it was more advanced in the rabbit of Fig. 
12 than in the one of Fig. 11. A comparison with the normal bones, however, shows that this 
process was by no means complete. The appearance of the ribs in the photograph of Fig. 11 
should be noted. The stage of marrow cavity differentiation is not very advanced and the . 
intensity of the cortical shadow is not marked. There was practically no expansion of the 
rib ends of this case. 

The x-ray appearance of the bones of older cases will now be described. 

Fig. 13 shows the bones of a 21 day old rabbit and Fig. 15 of another with osteopetrosis 
aged 24 days. The condition of normal bones at the latter age is illustrated by the x-ray of a 
normal litter mate (Fig. 16). The physical condition of the 21 day old rabbit was fairly good 
but there had been very little gain in body weight for 4 days. The 24 day old rabbit was in 
comparatively poor condition. There was a rapidly progressive cachexia, a loss of body 
weight, and diarrhea which had developed quite suddenly 3 days previously. 

The bone shadows of both these diseased rabbits are typically dense although there are small 
ill defined central areas of lessened intensity particularly in the foreleg bones of the first case 
(Fig. 13) and in the femur and tibia of the second case (Fig. 15). Some degree of marrow 
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cavity differentiation is also distinguishable .in other bones of both cases although in compar- 
ison with normal bones (Fig. 16), the change seems insignificant. In both cases, .the ends of 
the leg bones show some expansion and the shafts, some constriction. Calcification of the 
calvarium, especially of the 24 day old case (Fig. 15), was deficient and beading of the anterior 
ends of the ribs was prominent in the 21 day old case (Fig. 13). 

A conspicuous feature of the 24 day old case (Fig. 15) was the small size of the bones; the 
contrast with a normal litter mate (Fig. 16) is very marked. This rabbit was an example of 
the so called tarda case in which the disease was not suspected at birth because the incisor 
teeth appeared to be normal. At 7 days of age, however, the upper incisors had shown very 
little growth, the right lower incisor was missing and the left lower had become a frail thin 
tooth. Hydrocephalus was suspected on the 10th day and was thought to be definite on the 
13th day. For 3 weeks, the general condition of the rabbit was good and there was a constant 
although comparatively slow gain of body weight. On the 21st day, there was a loss of body 
weight and the rabbit was weak and listless and on the following day, diarrhea was present. 
These signs increased very rapidly and on the 24th day the precarious condition of the animal 
was evident and it was killed. At autopsy, the smallness of the skeleton and particularly the 
reduced length of the long bones was striking. In addition, the characteristic appearance of 
the split leg bones and the increased hardness and brittleness of the bones generally were 
typical (2). Hydrocephalus was not found but the calvarium showed deficient calcification 
as is indicated in the x-ray photograph (Fig. 15). 

The degree of size reduction of the bones of this 24 day old case will be appreciated by a 
comparison of the x-ray photograph (Fig. 15) with that of a normal litter mate of the same 
age (Fig. 16). In this connection the character of the growth of both animals as indicated by 
body weight records is of interest. At birth, both the diseased and the normal rabbit weighed 
40 gm. At 24 days of age, the respective weights were 156 and 324 gm. In terms of the birth 
weights, the gains of 116 and 284 gm. represent increases of 290 and 710 per cent respectively. 
The final weight of the osteopetrosis rabbit was 48 per cent of the final weight of the normal 
rib. Measurements of the femur and tibia obtained from the x-ray photographs show that 
the length of the osteopetrosis bones was approximately two-thirds that of the corresponding 
normal bones. 

In still older cases, the x-ray photographs continue to show typical dense 
bone shadows although greater degrees of differentiation are usually present. 
Three cases aged 31, 27, and 34 days respectively have been selected to illustrate 
the x-ray appearance of the skeleton in the late and terminal stages. In the 
average survival period of 4 to 5 weeks, increasingly severe signs of malnutrition, 
loss of weight, emaciation, weakness, and intestinal disturbances indicate the 
progressive course of the disease. 

The 31 day old case illustrated in Fig. 14 was an example of a relatively infrequent form of 
* c di-casc in that the body weight was still increasing and the general physical condition was 
s hll good in the 5th week of age. Growth had been retarded, however, and the size of the 
rabbit was only about half that of 2 normal litter mates, the respective body weights being 
^0, 610, and 690 gm. It will be noted in Fig. 14 that a considerable differentiation of bone 
structure had taken place with the production of quite well defined central cavities. The 
. ^ most marked in the radius and ulna and in the bones of the sternum and feet, but it 

w present in greater or less degree in the other bones. It is least marked in the femur and 
ilium. 

. Xra >* photograph of the anterior skeleton of a 27 day old case is shown in Fig. 17 and 
* c ‘ a normal litter mate in Fig. IS. Photographs of these 2 rabbits at 16 and 24 days cf 
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ngc appear in the preceding paper (1, Figs. 5, II, and 12). The general condition of thcosteo^ 
petrosis rabbit was still fairly good ori the 27 tli day but 4 days previously a loss of body weight 
had been found and on the day the animal was killed, the total loss amounted to 28 gm. from 
the peak weight of 336 gm. attained on the 20th and 22nd days. The x-ray appearance of the 
bones (Fig. 17) is typical and is comparable to that of other older rabbits. The bones show 
the usual size reduction. A considerable degree of marrow cavity differentiation has taken 
place generally, particularly in the radius and ulna. The cortical shadows of the long bones 
are quite prominent and are somewhat under than those ol the normal litter mate (Fig. IS). 
The expansion ol the vertebral ends of the ribs, particularly of the 8th, 9th, and 10th ribs is 
well marked and there is not much contrast between the cortex and the central portions of the 
ribs generally. 

The x-ray photograph of the posterior skeleton, the base of the skull, and the sternum of a 
34 day old ease is shown in Fig. 19; a similar x-ray of a normal litter mate of the same age 
appears in Fig. 20. This ease was an example of unexpected survival for some 10 days after 
thedevciopmcnt of malnutrition and weakness. The signs increased quite rapidly and on the 
30th day, diarrhea developed. On the 34th day, the rabbit was prostrated and practically 
moribund. The weight records are of interest. At birth the weight was 52 gm.; on the 14th 
day, 200 gm.; on the 21st day, 250 gm.; on the 34th day, 230 gm. The normal litter mate 
weighed only 30 gm. at birth; on the 14th day, 220 gm.; on the 21st day, 360 gm.; and on the 
34th day, 646 gm. 

The most conspicuous feature of the x-ray of this 34 day old osteopetrosis rabbit is the 
marked stunting of the bones (Fig. 19). The change is pronounced in the femur, tibia, and 
pelvis and only slightly less so in the case of the feet, the sternum, base of the skull, maxilla, 
and vertebrae. Both ends of the femur and tibia are expanded and the central portions of the 
shafts and especially of the femur, arc constricted. The shadows of the vertebrae and of the 
pelvic and leg bones indicate that some differentiation of central marrow spaces has taken 
place. This process is more advanced in the sternum and the metatarsal and phalangeal 
bones. The base of the skull and the maxilla show deficiency of calcification. 

Hematologic Observations 

The principal hematologic characteristics of osteopetrosis of the rabbit are 
macrocytic anemia, thrombocytopenia, and moderate myeloid leucocytosis. 
These and other findings will now' be described in terms of the mean group 
values at successive 3 day intervals from 1-3 to 37-39 days of age (Charts 1, 2). 
The details of repeated blood examinations of 2 cases are also presented as 
examples of the results in individual xrabbits (Table I). 

The mean red blood cell counts for the first week or 10 days ol life tended to be slightly higher 
than those of normal litter mates (Chart 1). Thereafter, the mean values gradually became 
lower while the corresponding norma! values rose, at first rather slowly, but after the 3rd 
week, quite rapidly. By the end of the 5th week, the mean red cell count of the osteopetrosis 
rabbits was approximately 3 million per c.mm. as compared with 5 million per c.mm. for the 
normal litter mates. 

The mean hemoglobin values of the rabbits with osteopetrosis were comparable, although at 
slightly higher levels, to those of the normal rabbits for the first 3 weeks of life (Chart 1). 
The curves representing both groups of rabbits describe parallel falls from the initial high 
value of approximately 11.S5 gm. to the level of S.13 gm. in the 19-21 day’ interval. Further 
declining values were a feature of the older osteopetrosis groups, in contrast to higher levels 
found in the older normal animals. In the 37-39 day interval, the values were 5.42 and 9.15 
gm. for the osteopetrosis and the normal rabbits respectively. 
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this - h e ™°pl°bin content for groups of osteopetrosis and normal litter mate rabbits. In 
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animals rose while those for the diseased rabbits continued to fall, the last mean values in the 
37-39 day interval being 24 and 36 per cent for the groups of diseased and norma! animals 
respectively. 

The values for man corpuscular volume of the osteopetrosis cases exceeded those of normal 
litter mates after the 1-3 day interval (Chart 1). The curve representing mean normal values 
shows a gradual decline from the level of 110 cubic microns for the 1-3 day interval to 65 
cubic microns for the 37-39 day interval. Declining values for the osteopetrosis groups also 
occurred but in a more irregular manner. Stabilization at the level of 100 cubic microns was 
observed in the 7-18 day period when normal values decreased from 96 to 74 cubic microns. 
For the diseased groups examined in the 3rd, 4th, and 5th weeks of age, the level ranged from 
76 to S6 cubic microns as compared with 65 to 74 cubic microns for the normal groups. 

The mean corpuscular hemoglobin content for the diseased and normal rabbit groups arc 
represented by the curves in Chart 2. The form of both curves is similar and for the first 
10 days they are practically identical. Both describe a sharp fall from an initial mean value 
during the 1st week of approximately 32 micromicrograms to 21 micromicrograms for the 
normal animals and 22 micromicrograms for the osteopetrosis rabbits in the 10-12 day interval. . 
Subsequent results for both groups showed a slight trend toward lower levels. The values 
for tlie osteopetrosis groups, however, continued to be slightly higher than those for the normal 
animals, the difference being 1 to 2 micromicrograms. 

The mean corpuscular hemoglobin concentration for the 1st week of life was slightly higher 
for the osteopetrosis groups. In the 4-6 day interval, the mean values were 28.4 gm. for the 
osteopetrosis and 26.2 gm. for tire normal group. The results in the 2nd and 3rd weeks of 
age showed lower mean values for the osteopetrosis group, the range being 25.4 to 28.0 gm. as 
compared with 26.2 to 29.3 gm. for the normal litter mates. For the groups in the 4th and 
5th weeks of age, the mean values for the osteopetrosis eases were higher than for the normal 
rabbits, the level ranging from 27.1 to 27.8 gm. for the diseased and 23.9 to 25.6 gm. for the 
normal groups. In the 37-39 day interval, the low value of 22.6 gm. was found for the single 
osteopetrosis case examined while the mean value of 25.4 gm. for the 4 normal litter mates 
showed no significant change from the level of jhe preceding 2 weeks. 

The mean reticulocyte counts of the diseased rabbits exceeded those of the normal litter 
mates. In the 1st week, the mean count of both groups varied from 25 to 32 per cent. Dur- 
ing the next 3 weeks, the counts fell quite abruptly to the level of 5 to 6 per cent for the nor- 
mal rabbits and 8 to 10 per tent for the diseased rabbits. In the 4tli and 5tli weeks of age, 
the counts for the normal groups were practically unchanged but higher values of from 11 to 
14 per cent were observed in the osteopetrosis groups. 

Normoblasts were constantly found in the circulating blood of the rabbits with osteopetrosis 
(Chart 1). In the normal rabbits the curve of the mean relative numbers of normoblasts 
describes a steep fall from 0.75 per cent to 0.18 per cent in the 7-9 day interval; still smaller 
numbers were subsequently found up to 3 weeks of age, after which none was observed. The 
curve representing the osteopetrosis rabbits resembles that for the normal rabbits with two 
important differences. First, normoblasts continued to be present in all age groups. In 
those examined at from 2 to 6 weeks of age the mean relative number averaged 0.15 per cent. 
Second, the rate of decrease was less rapid and abrupt than that observed in the normal groups. 
An occasional mcgaloblast was also seen in osteopetrosis blood films whereas no cell of tin’s 
class was ever observed in normal blood. 

Although the erythrocytes of the osteopetrosis eases generally appeared larger than those 
of the normal rabbits, there were eases in which extremely small red cells were seen scattered 
about among the larger ones. Poikilocytosis of degrees greater than is found in normal rabbit 
blood was also observed. The incidence of both anisocytosis and poikilocytosis was variable 
but they tended to occur more frequently and in more marked degree in older eases. Con- 
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the DhM ^ ^ Can va ^ ucs the mean corpuscular hemoglobin content of the erythrocytes, 
c\ t« fn- CtS ' t0ta ^ ^ eucoc J'tes, and the relative numbers of granular and non-granular leuco- 
‘ P° u Ps of osteopetrosis and normal litter mate rabbits. 

33 divs ? advanced grades, the results of a single examination of 54 cases aged 5 to 

2? S rv-. ° WC 2msoc >' tos i s hi 26 cases, or 4S.2 per cent, and poikilocvtosis in 15 cases, or 
i*-* cent. 

The 

^es i-rii^!) ln 'v er >’ l h roc >' lcs the osteopetrosis rabbits, and particularly the older 
centra! n--.; , ? r ^normal features. In many cases there was a conspicuous pallor of the 

on o. t e cells. There was also a tendency toward a persistence of polvchrocato- 
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philia and of basophilic stippling well beyond the age of 2 weeks at about which time these 
features are not commonly seen in normal red cells. They were observed in some cases which 
lived 4 and 5 weeks. 

With the progression of the disease, the erythrocytes tended to show pseudopodia-Iike 
processes and crcnation, changes not observed in the red cells of normal rabbits. In occasional 
cases 3 weeks of age and older, the finding of burst or disintegrating red cells suggested in- 
creased fragility. A fragility test on 2 diseased and 3 normal litter mates 24 days old gave the 
following results: for both diseased rabbits beginning hemolysis occurred with 0.46 per cent 
NaCl and complete hemolysis with 0.36 per cent; for the 3 normal rabbits, beginning hemolysis 
with 0.40 per cent NaCl and complete hemolysis with 0.30 per cent in the case of 2 and with 
0.28 per cent in the case of 1 normal rabbit respectively. 

The mean platelet counts are illustrated by the curves in Chart 2. The general form of the 
curves for both classes of rabbits is similar but the general level of the osteopetrosis curve is 
consistently lower than the norma! one. In the 2-3 day interval, the mean platelet count 
of the osteopetrosis group was 250,000 per c.mm. as compared with 300,000 per c.mm. for 
the corresponding normal group. With increasing age the mean normal values rose irregularly 
to 530,000 per c.mm. in the 37-39 day interval. The mean counts of the osteopetrosis cases 
also increased irregularly to a level of 410,000 per c.mm. 

The mean leucocyte counts of the diseased rabbits were consistently larger than those of the 
normal animals (Chart 2). There was a gradual increase in the normal counts from 3250 
cells per c.mm. in the 1-3 day interval to 46S0 cells per c.mm. in the 37-39 day interval, a 
gain of 44 per cent. The corresponding mean values for the osteopetrosis cases were 3850 
and 6750 cells per c.mm., an increase of 75 per cent. The sharply rising values were abruptly 
interrupted at the end of the 2nd week, and during the 3rd week much lower levels were 
observed. This was followed by a marked rise which was sustained with one minor down- 
ward fluctuation to the last examination. As is shown in the curves, the changes in direction 
of successive leucocytic levels for both classes of rabbits were similar but those of the osteo- 
petrosis groups occurred slightly later and were much more pronounced than those of the 
normal groups. * 

The mean relative proportions of granular and non-granular leucocytes arc shown in 4 curves 
(Chart 2). The curves for both classes of cells in the successive normal groups arc somewhat 
irregular but there are no pronounced or sustained fluctuations. The relative numbers of 
non-granular leucocytes were consistently higher than those of the granular cells. In tire 
osteopetrosis rabbits, the relative numbers of non-granular and granular leucocytes were 
approximately the same as normal values in the groups examined in tire first 2 weeks of life 
but in the older groups, increasingly higher values for granular leucocytes and correspondingly 
lower values for non-granular cells were found. The rise in granular cells pursued a practi- 
cally uninterrupted course with no reversal in trend. For the last 4 observation intervals, . 
28-39 days, the average level of granular leucocytes for the osteopetrosis groups was 58 per 
cent as compared with 44 per cent for the normal groups. An occasional older case failed to 
develop a granular leucocytosis. 

The results of differential white cell counts of osteopetrosis rabbits showed no significant 
deviations from normal values in the proportions of eosinophiles, basophilcs, and monocytes. 
Likewise, the relative numbers of small and large lymphocytes were essentially normal, the 
proportion of approximately 10 pc^r cent of large lymphocytes being maintained. 

Several interesting abnormal features in the leucocytes of osteopetrosis cases were observed 
in stained blood films. First, the majority of the neutrophilcs were young cells, tire predomi- 
nant type of nucleus having 1 or 2 lobes. Second, myelocytes were seen in 75 per cent of the 
cases and an occasional myeloblast was found. Third, basophilic degenerative changes of 
the neutrophilcs were seen in about 20 per cent of the cases. In most of them, approximately 
onc-quarter or one-third of the neutrophilcs were affected; in a few cases almost all the cells 
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showed the change and in some cases only an occasional degenerated cell vras seen. Both the 
nucleus and the cytoplasm, or the nucleus or the cytoplasm, were affected and there was about 
an equal representation of these three types. The basophilic granules in the nucleus were 
essentially the same color as those in the cytoplasm but they were definitely larger; on the 
average, there were 2 of these bodies but as many as 3 have been seen. In a few of the cases 
similar granules were found in the nucleus, but not in the cytoplasm of the lymphocytes. 
There was no apparent relation between the occurrence of this basophilic degeneration and the 
age or the condition of the animal. It has been observed in cases 4 days old and if it was found 
in the first examination, it was always present in subsequent ones. No instance of basophilic 
tone granulation was observed in the eosinophiles or the monocytes of the diseased rabbits 
nor in any of the blood cells of the normal rabbits. 

Two other types of leucocytic degeneration were noted. In a few cases, approximately 
2 per cent, toxic vacuoles were seen in the cytoplasm of some of the neutrophiles and lympho- 
cytes. In a larger number of cases, upwards of 15 per cent, the presence of nuclei from rup- 
tured leucocytes was conspicuous. In some films such nuclei comprised 4 or 5 per cent of the 
white cells whereas in normal blood, only 1 or 2 in several hundred white cells were found. 

In a small proportion of cases, approximately 5 per cent, there was a noticeable variation 
in the size of all the leucocyte, both granular and non-granular. Enlargement was observed 
somewhat more frequently than reduction and in some specimens, the increase in total area 
amounted to fully twice that of a normal cell. The degree of reduction in size was less marked. 
In both types of size variation, both the nuclei and the cytoplasm were affected. 

The results of repeated hematologic examinations on 2 typical cases with 
their 2 normal litter mates will now be described. It will be noted that the 
findings resemble in all essential respects the several mean group values just 
discussed. 


The first pair of rabbits were examined on the 13th, 20th, 27th, and 39th days of age (Table 
)• On the 27 th day the diseased animal continued to show a gain in body weight and was in 
fairly good condition but on the 39th day cachexia was well advanced and there was a marked 
loss of weight; death occurred on the 42nd day. 

The erythrocyte counts of this case were much lower on the 20th, 27th, and 39th days 
ten on the 13th; the final count of the normal animal was higher than the 3 previous ones, 
ormoblasts were present in all the blood films of the diseased rabbit and in the first film of 
o normal rib. There was a marked continuous drop in the hemoglobin and hematocrit 
estimations whereas these values for the normal rabbit were maintained or were increased, 
of th° Ur V1 ' Ues * or mean corpuscular volume of the osteopetrosis rabbit were larger than those 
_e normal litter mate and a similar difference was found for the mean corpuscular hemo- 
E ° m on the 13th, 20th, and 39th days. The results for mean corpuscular hemoglobin con- 
awl' r erC v ' ar ' a * ) * e being lower for the osteopetrosis rabbit on the 13th and 27th days 
T 'he 20th and 39th days. For both rabbits, the final platelet count was higher 

n 1 c initial level at 13 days, but that of the osteopetrosis rabbit showed a much smaller 
mauve increase. 

^ leucocyte count of the normal rabbit showed a steady rise. The white count of 
t os ^ s Tras considerably higher than that of the normal rabbit at 13 days; 

to a \"' n *k'" S ‘I dropped well below its initial figure but at 39 days it had increased 

chher its initial value or the final count of the normal litter mate. 
r ‘~ ;rsl differential white cell counts, both animals had a higher proportion of granular 
j** r ° :i 'Panu!ar leucocyte. At 20 days, this ratio continued for the diseased rabbit 
normal the non-granular cells predominated. At 27 days, r.on-granular cells 
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predominated in both animals. At 39 days, the.granular leucocytes again exceeded the non- 
granuiar in the diseased rabbit rvhiic in the normal animal both classes of cells were about 
equally represented. Leucocytic degeneration was observed in all the blood films of the osteo- 
petrosis rabbit but in none of those of the normal litter mate. 

TABLE- 1 


Results of Repealed Hematologic Examinations on Two Cases of Osteopetrosis 
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Ost., osteopetrosis rabbit; Nor., normal litter male; RBC, red blood cells (000 omitted); 
Hb, hemoglobin (Newcomer); Ht, hematocrit (Van Allen); MCV, mean corpuscular volume; 
MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; 
platelets (000 omitted) (Rees-Ecker); WBC, white blood cells; N, neutrophiles (pseudo- 
eosinophiles); L, lymphocytes; B, basophiles; E, eosinophiles; M, monocytes; Norm., normo- 
blasts; Leu. Deg., leucocytic degeneration. 

The blood counts on the 2nd pair of rabbits (Table I) were made on the 9th, 19th, and 27th 
days of age. On the 19th day, the osteopetrosis rabbit was in good condition and gaining 
weight but on the 27th day, malnutrition and weakness were well marked and a loss of body 
weight had occurred. The rabbit was found dead on the 33rd day. The results of the blood 
examinations were generally similar to those of the other pair and need not be described in 
detail. The erythrocyte and hemoglobin levels of the osteopetrosis rabbit showed only minor 
falls and the decrease in hematocrit values was not as great as in the other case. The eventual 
leucocyte count, however, was considerably larger and the proportion of neutrophile cells much 
higher. Again, all the values for mean corpuscular volume were larger than the corresponding 
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normal values, and those for mean corpuscular hemoglobin were slightly or moderately larger. 
The mean corpuscular hemoglobin concentration of the osteopetrosis rabbit was lorver than 
that of the normal rabbit on the 9th and 19 th days but higher on the 27th day. -The presence 
of normoblasts and the incidence of leucocytic degeneration were similar to the findings in 
the other osteopetrosis rabbit. 

Blood and Tissue Chemical Determinations 

A limi ted chemical study included the following determinations: calcium, 
inorganic phosphorus, and phosphatase of blood serum; sugar and cholesterol 



Chart 3. Mean values for serum calcium of 53 osteopetrosis and 49 normal litter" mate 
rabbits. 


of whole blood; and liver and muscle glycogen. The results were analyzed on 
the same basis as the hematologic observations, that is, mean group values for 
3 day intervals from birth to 36 days of age. 


. Sentr! Ccfcfan.— ‘ The caldum content 'of the scrum of rabbits with osteopetrosis was con- 
sistently lower than that of normal litter mates (Chart 3). For the normal rabbits the mean 
value in the 1-3 day age group was 20 mg. per 100 cc.; by the end of the 1st week, and con- 
e tC l' 3 ,e ' Tl °‘ ,5 ’ 5 t0 16-5 n '»' ' 1Vis maintained, except for an unexplained rise 
- ^ 22-24 day interval. For the osteopetrosis rabbits, the highest mean cal- 

o^m \ ue ooserved, 1<.2 mg. per 100 cc., likewise occurred in the first 3 da vs of life. Sub- 
q !ho,red a continuous although irregular decline toward much lower levels with 
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Chart 4. Mean values for serum phosphorus of 55 osteopetrosis and 50 normal litter mate 
rabbits. 



Chart 5. Mean values for the calcuim-phosphorus ratios calculated from the respective 
determinations represented in Charts 3 and 4. 


perhaps some stabilization in the 5th week; the last mean value in the 34-36 day interval was 
9.8 mg. per 100 cc. 

Serum Phosphorus .— The mean serum phosphorus values of the normal rabbits ranged 
between 8.7 and 7.3 mg. per 100 cc.; the general level was higher in the first 3 weeks than in 
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Chart 6. Mean values for serum phosphatase of 55 osteopetrosis and 50 ftormal litter 
mate rabbits. 



Ciiart i. Mean values for blood sugar content of 46 osteopetrosis and 32 nor mal litter 
mate rabbits. 

the 4th and Sth weeks of age (Chart 4). In contrast to these results the mean values of the 
younger osteopetrosis cases were lower than those of the older groups. For the first 3 weeks 
the mean values of the osteopetrosis cases were much lower than those of the c or r e spon din g 
normal groups. From a level of 5.S mg. per 100 cc. for the 10-12 day group, subsequent values 
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Chart 8. Mean values for the cholesterol content of whole blood of 46 osteopetrosis and 
32 normal litter mate rabbits. 



Chart 9. Mean values for liver glycogen content of 45 osteopetrosis and 30 normal litter 
mate rabbits. 
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were consistently higher and in the Sth week, they exceeded those of the normal groups. 
The last mean phosphorus content for the diseased animal s was 8.4 mg. as compared with 7.6 
mg. per 100 cc for the normal litter mates. 

Calcium : Phosphorus Ratio .— The ratios of the normal groups show some variability but 
their general level is around the value of 2.0 (Chart 5). The curve representing the osteo- 
petrosis groups describes a progressive decline from the high points of 3.0 and 3.2 for the young- 
est groups to values ranging from 0.8 to 1.9 for the groups in the 4th and Sth weeks of life. 
The level of the curve is higher than the curve of the normal rabbits up to the 16-18 day group, 
but for the older groups it is consistently lower. 

Phosphatase . — The mean values for alkaline phosphatase of the normal rabbits ranged from 
5.6 to 10.2 units per 100 cc. of serum (Chart 6). The results were irregular but somewhat 
lower values were found in the older than in the younger groups and in the Sth week, levels 
of 6.0 to 7.3 units obtained. 

Much higher mean values for serum phosphatase were regularly found in the groups of 
osteopetrosis rabbits and particularly in the 2nd and 3rd weeks, when the level varied from 
14.5 to 15.3 units per 100 cc. of serum. As was the case with the normal animals, the lowest 
values occurred in the older groups and for the 4th and 5th wedrs, the mean values varied 
from 9.2 to 11.5 units. 

Sugar . — The mean group values of the sugar content of whole blood in osteopetrosis rabbits 
were lower than those of the corresponding normal animals except for the 2 youngest groups 
in which no difference was found (Chart 7). From the 2nd to the 5th week of age the level 
for the normal animals ranged from 300 mg. to 200 mg. per 100 cc of blood; in the 34-36 day 
interval, the mean value was 325 mg. per 100 cc The corresponding mean values for the 
diseased rabbits followed a progressively declining trend to the level of 142 mg. per 100 cc. in 
the 34-36 day intervals. 

Cholesterol . — The mean group values for blood cholesterol determinations of the normal 
rabbits were somewhat irregular but their general level was 225 mg. per 100 cc of blood (Chart 
8). The results for the groups of osteopetrosis cases were much more irregular but all mean 
values exceeded those of the normal groups. The general level approximated 325 mg. per 
100 cc of blood. 

Lizer Glycogen . — In the normal rabbits, higher mean values for liver glycogen were found 
in the older than in the younger groups (Chart 9). The values for the first 3 weeks ranged 
from 0.35 to 1.6 per cent and in the 4th and Sth weeks rose to a level of from 2.0 to 2.6 per 
cent. In the osteopetrosis groups, all mean values were smaller than those of the correspond- 
ing normal groups, and in contrast to the normal findings, the lowest values, 0.2 to 0.4 per 
cent, occurred in the 4th and 5th week age groups. 

Muscle Glycogen . — There was practically no difference in the mean values for muscle gly- 
cogen in the youngest groups of diseased and normal rabbits, 0.5 per cent in the 1-3 day in- 
terval, and 1.0 per cent in the 7-9 day interval. During the next 4 weeks, somewhat smaller 
values for both groups were found. From the 25-27 day interval to the 34-36 day interval, 
the normal values ranged from 0.75 to 0.5 per cent while those for the groups of osteopetrosis 
rabbits continued at the 0.25 per cent level. 

DISCUSSION' 

The hereditary lethal disease of the rabbit described in this and other papers 
(1, 2) is characterized by a marked abnormality of the entire skeleton, well 
demonstrated in x-ray photographs. At birth and for the first few days of life, 
all bone shadows arc homogeneously opaque and lack all finer structural detail. 
In the 2nd and ord weeks of age, less dense areas in the central portions of the 
bone shadows are seen and with increasing age, these areas become larger and 
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more translucent. The cortical portions, however, continue to be thickened 
and the complete differentiation of all marrow cavities has not been observed. 

Other evidence of the profound disturbance of bone growth and development 
is shown by the reduced size of the bone shadows generally and the abnormal 
shape or outline of some of them. These features are most conspicuous in the 
long bones of the extremities, particularly the femur. X-ray photographs of 
cases taken within a few hours of birth indicate that bone growth is slightly 
subnormal or retarded and in older cases, the bones have a marked stunted 
appearance. Furthermore, the larger long bones frequently show a bulbous 
expansion of the growing ends and a greater or less constriction of the central 
portion of the shaft. A similar clubbing of rib ends is also seen. 

There are considerable variations in the«degree of differentation of the bone 
shadows in any particular case. 

In general, the bones of the feet and the sternal and vertebral bones show the 
greatest amount and the bones of the foreleg more than those of the hindleg; the pelvic 
bones and the femur show the least. There is often an individual variation in the 
x-ray appearance of the same bone in different cases of the same or approximately the 
same age. The individual differences in the retardation of bone growth and in the 
degree of structural differentiation can in most cases be directly related to the general 
character and progress of the disease. Less pronounced growth retardation and a 
greater degree of bone differentiation were usually found in those cases in which the 
course of the disease was protracted and the marked signs of cachexia developed 
comparatively slowly. In these cases there was generally a stabilization of body 
weight, or only a comparatively minor weight loss, over a period of several days just 
preceding the final fatal outcome. 

The close resemblance of the x-ray photographs of the skeleton in this 
hereditary disease of the rabbit to those of human osteopetrosis or Albers- 
Schonberg disease strongly suggests an identical condition. In both, the entire 
skeleton is involved and in a similar manner, that is, the shadows show a 
homogeneous opacity involving all the cortical and medullary portions of 
the bone. In the human disease variations from the typical pattern have been 
reported in the benign type usually seen in adults (H) and also, and perhaps 
more frequently, in the so called malignant or severe form characteristic of 
early life (12). These variations comprise areas of lessened density of certain 
bones or an individual bone appears less opaque than others. 

Ellis (13) called attention to the marked similarity of the clinical and x-ray findings 
in two brothers aged 2 years, 10 months, and 1 year, 6 months. In both cases the 
main area of sclerosis occurred in the middle third of the shaft of the long bones and 
outside the area of clubbing. Ellis suggested that different family groups present 
variations of the condition which are, however, constant within a group. 
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In the disease of the rabbit, as has just been pointed out, variations in density 
regularly occur in older cases. In spite of disease progression to an invariably 
fatal termination generally within 5 weeks of age, the central portions of the 
bones become much less opaque suggesting a greater or less degree of differentia- 
tion of marrow cavities. A similar change is not a typical feature of the x-ray 
photographs of human cases but it is possible that it is analogous to the trans- 
verse and longitudinal bands of greater and lesser density which are described 
as characteristic findings in the human disease (12, 14, 15). Transverse bands 
running through the metaphysis of long bones parallel to the epiphyseal line 
are frequently seen; more rarely longitudinal lines are found in thediaphysis 
parallel to the periosteum. The presence of the bands has been explained on 
the basis of periodic remissions and recrudescences of the pathologic deposition 
of bone and by periodic recurrences of widespread resorption (16) . This differ- 
ence in the x-ray appearance of the bones may be related to differences in the 
rate of growth and of disease progression in the two species. 

Other skeletal changes in human osteopetrosis and especially the severe 
form, have their counterpart in the disease of the rabbit. Retarded growth in 
bone length and diameter is described while expansion and clubbing of the ends 
of the bones, particularly the femur, is a characteristic feature. On the other 
hand, spontaneous fractures which occur fairly frequently in human cases have 
not been observed in the rabbit. At postmortem examination the bones are 
described as more fragile or brittle than normal and this was also found in the 
rabbit (2). 

The complex of hereditary osteopetrosis of the rabbit further includes well 
marked hematologic abnormalities. An anemia, usually macrocytic in type, 
was generally observed and in the longer lived cases it was frequently severe. 
At about 3 weeks of age, signs of retarded development and malnutrition are 
well established (1) and with disease progression, lower red cell counts and 
lower hemoglobin and hematocrit readings were typical finding*;, 

In the age period of 22 to 39 days, there were 36 counts on osteopetrosis cases and 
55 on normal litter mates (Chart 1) and for the present general comparison, the results 
may be combined and expressed in terms of mean values. For the osteopetrosis and 
the normal groups the mean values were: erythrocytes 3,290,000 and 4,390,000 per 
c.mm. respectively; hemoglobin 7.28 and S.13 gm. per 100 cc. respectively; and hema- 
tocrit readings of 26 and 32 per cent respectively’. The mean body weight values 
were 235 gm. for the osteopetrosis and 519 gm. for the normal rabbits. 

Other typical hematologic findings included increased values for mean cor- 
puscular volume, slightly higher mean corpuscular hemoglobin content and 
mean corpuscular hemoglobin concentration as compared with the levels of 
normal litter mates. There were also increased reticulocyte counts, a con- 
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tinued presence of normoblasts, and a persistence of polychromatophilia and 
basophilic stippling of the erythrocytes. The mean platelet counts were con- 
sistently lower than those of the normal litter males. 

A moderate leucocytosis was usually present and as a rule was most pro- 
nounced in advanced cases, 3 or 4 weeks of age and older. 

The mean white counts of the most advanced cases examined in the 6th week of age 
were approximately 75 per cent larger than the mean values of the youngest cases 
examined in the 1-3 day age group. They also exceeded corresponding mean normal 
values. During the first 3 weeks of life, the relative proportions of granular and non- 
granular leucocytes in the osteopetrosis rabbits conformed to a normal distribution 
but thereafter the proportion of granular cells became increasingly higher and the 
lymphocyte values correspondingly lower. 

Of special interest was tire occurrence of immature polymorphonuclear leuco- 
cytes in practically every case together with a high case incidence of myelocytes. 
Additional evidence of marked hematologic disturbance included basophilic 
toxic degeneration of neutropliiles and lymphocytes in about one-fifth of the 
cases, including many very young cases. Vacuolization of neutrophiles and 
lymphocytes and ruptured leucocytes were also seen. 

The similarity of these hematologic findings to those observed in many human 
cases of osteopetrosis is very striking. Most of the cases occur in children 
under 10 years of age and the majority have an anemia which is frequently 
described as a myelophthisic anemia and other hematologic abnormalities as 
well. Vaughan (17) states that while a few instances of hypochromic anemia 
are recorded, the usual picture is that of a leucoeiythroblastic anemia; afew 
immature myeloid cells and all types of nucleated red cells are found in stained 
’films. The relationship between the hemopoietic condition and the signs and 
symptoms and the progressive course of the disease lias been emphasized by 
many authors. 

Rosenthal and Erf (18) for example, point out that the characteristic symptoms 
of the severe form of osteopetrosis seen in infants and children include progressive 
development of a refractory type of anemia associated usually with thrombopenia or 
leucopenia and often with slight myelemia. Lamb and Jackson (19) attribute the 
gravest symptoms to the associated hemopoietic disturbances which are accompanied 
by severe anemia and leucemic states. Severe hemorrhages, which were not a feature 
of the rabbit disease, have been reported in human cases (20, 21). 

In the so called benign form of osteopetrosis seen in adults the blood picture 
is usually essentially normal. In certain older cases, however, the diseasemay 
be more severe and hematologic disturbances have been reported, as in Mettier’s 
(22) patient aged 50 years. 

The chemical observations on rabbits with osteopetrosis revealed several 
interesting differences from normal values obtained from litter mates of the 
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s am e age and in certain respects they are comparable to the scanty available 
data from human cases. The results expressed in terms of mean group values 
at 3 day intervals from 1 to 36 days of age showed first, that the serum calcium 
values of the diseased animals were consistently lower than those of the normal 
rabbits and second, that there was a progressive drop in these values which was 
particularly marked by the 4th week of age. After about 10 days of age the 
calcium levels of the normal groups were comparatively constant around 16 mg. 
per 100 cc. serum. The lowest values for the diseased groups in the 4th and 
5th weeks were approximately half those of the corresponding normal groups. 

The mean serum phosphorus values of the osteopetrosis rabbits were much 
smaller than those of the normal animals during the first 4 weeks of age but 
were somewhat higher in the 5th week. The levels of the normal groups ranged 
from 8 to 9 mg. per 100 cc. serum in the 1st month while in the 5th week, the 
slightly lower level of 7.5 mg. was well maintained. For the youngest osteo- 
petrosis groups mean values of 5 to 6 mg. were found but beginning at about 2 
weeks of age, the values became increasingly higher and in the 5th week, a 
level of approximately 8.5 mg. per 100 cc. serum prevailed. 

The mean calcium: phosphorus ratios for the groups of normal rabbits varied 
around 2.0. The ratios for the osteopetrosis groups showed an irregular but 
progressive decline from the high values of 3.0 and 3.2 for the youngest groups 
to levels of 0.8 for the groups aged 25 to 30 days. After 3 weeks of age, all the 
mean ratios were smaller than those of the normal groups. 

In human osteopetrosis, the serum calcium and phosphorus have usually been 
reported as normal (23) or somewhat reduced (14) and values in the latter 
category appear to be characteristic of the severe form of the disease. 

Robertson’s (21) case, for example, at 10 months of age had 10.1 mg. calcium and 
4.0 mg. phosphorus per 100 cc. serum; at 23 months the values were 9.9 and 2.9 mg, 
respectively. Other instances of lower range value in cases in infants and young 
children have been reported by Kramer and Halpert (24), van Creveld and Heybroek 
(25), and Ellis (13). 


All the mean serum phosphatase values of the groups of rabbits with osteo- 
petrosis exceeded those of the normal litter mates and the differences were 
especially marked in the younger animals up to about 3 weeks of age. In the 
10-12 day interval, for example, the mean phosphatase values were 14.5 Bo- 
dansky units for the osteopetrosis and S.2 units for the normal group per 100 
cc. serum; in the groups in the 4th and 5th weeks of age, the general level was 
10 units for the osteopetrosis and 7 units for the normal groups per 100 cc. 
serum. 


Only a few reports on cases of human osteopetrosis refer to determinations 
of scrum phosphatase and although the results arc variable there is a suggestion 
of increased values, particularly in young patients. 
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In Bodansky and Jaffc’s (23) patient aged 16 years, values of 1S.S to 21.8 Bodansky 
units were found, that is, 2 to 3 times the average value of that found in a child and 
about 5 to 8 times that of an adult. An increased level of 23 Bodansky units was 
found in a fatal case aged 3| months (24). In certain other cases, the values tended 
to be high (13, 17, 20) but lower values have also been reported (13, 25). 

The mean sugar content of the blood in rabbits with osteopetrosis was much 
lower than in normal litter mates in all age groups examined except those in the 
1st week of life in which no difference was found. From the few available 
determinations in human cases, the blood sugar appears to be in the lower 
range of normal values (18, 20, 26). 

In the case of blood cholesterol, the results for both classes of rabbits were 
irregular but all mean values for the groups of diseased rabbits were higher than 
those for the normal litter mates. The results in human cases suggest normal 
or increased blood cholesterol values (13, 20, 25, 26, 27). 

All mean values for liver glycogen in the osteopetrosis rabbits were smaller 
than those of the corresponding groups of normal litter mates and the difference 
was greatest in the older groups. In the case of muscle glycogen the results 
indicate that somewhat smaller values occur in osteopetrosis than in normal 
rabbits. No reports on liver and muscle glycogen determinations in human 
cases are available. 

The hematologic and blood chemical changes found in rabbits with osteo- 
petrosis emphasize the serious nature of the disease and their progressive 
character roughly parallels the retardation of growth and the deterioration in 
the general condition of the animal which regularly develop. The abnormal 
blood picture and to some extent the blood chemical findings, the homogeneous 
dense x-ray appearance of the entire skeleton present at birth, underdevelop- 
ment and retarded growth, the comparatively early lethal outcome, and an 
hereditary basis are typical features of this disease which also characterize the 
severe juvenile form of osteopetrosis of man. The similarity of the pathologic 
findings will be shown in a following paper (2). 

SUMMARY 

The results of x-ray, hematologic, and chemical studies on cases of hereditary 
osteopetrosis of the rabbit are described and the resemblance of the findings 
to those of the severe juvenile form of human osteopetrosis is pointed out. 

The outstanding feature of the x-ray examinations was the homogeneous 
dense appearance of the entire skeleton. This condition was present at birth. 
In older cases there was evidence of some differentiation of bone structure. 

The hematologic studies showed that the disease was characterized by the 
development of a macrocytic anemia, thrombocytopenia, and a moderate 
myeloid leucocytosis. Other abnormal findings included high reticulocyte and 
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normoblast counts, anisocytosis and poikilocytosis, and degenerative changes 
of the neutrophiles and lymphocytes. 

The chemical studies showed very low serum calcium values; serum phos- 
phorus values were low during the first 4 weeks of life but were somewhat higher 
than normal levels in older cases. The serum phosphatase values were ele- 
vated. The blood sugar content was generally low. The blood cholesterol 
values were generally high. The liver glycogen values were small especially 
in older cases and those for muscle glycogen were somewhat smaller than 
normal values. 

I wish to acknowledge the able technical assistance of Miss Margaret B. Dunham. 

BIBLIOGRAPHY 

1. Pearce, L., and Brown, W. H., J. Exp. Med., 1948, 88, 579. 

2. Pearce, L., J. Exp. Med., data to be published. 

3. Clark, E. P., and Collip, J. B., J. Biol. Chem., 1925, 63, 461. 

4. Bodansky, A., J. Biol. Chem., 1937, 120, 167. 

5. Folin, 0., and Wu, H., J. Biol. Cltem., 1920, 41, 367. 

6. Sackett, G. E., J. Biol. Chem., 1925, 64, 203. 

7. Bollman, J. L., Mann, F. C., and Magath, T. B., Am. J. Physiol., 1925, 74, 238. 

8. Brown, W. H., and Pearce, L., J. Exp. Med., 1945, 82, 241. 

9. Pearce, L., and Brown, W. H., J. Exp . Med., 1945, 82, 261. 

10. Pearce, L., and Brown, W. H., J. Exp. Med., 1945, 82, 281. 

11. Winter, G. R., Am. J. Orthodontics, Oral Surg. Sec., 1945, 31, 637. 

12. Clifton, W. M., Frank, A. A., and Freeman, S., Am. J. Dis. Child., 1938, 56, 1020. 

13. Ellis, R. W. B., Proc. Roy. Soc. Med., 1933-34, 27, pt. 2, 1563. 

14. McCune, D. J., and Bradley, C., Am. J. Dis. Child., 1934, 48, 949. 

15. Cortes-Llado, A., J. internal, chir., 1936, 1, 63. 

16. Zawisch, C., Arch. Path., 1947, 43, 55. 

17. Vaughan, J. M., The Anemias, London, 2nd edition, Oxford University Press, 

1936. 

18. Rosenthal, N., and Erf, L. A., Arch. Ini. Med., 1943, 71, 793. 

19. Lamb, F. H., and Jackson, R. L., Am. J. Clin. Path., 1938, 8, 255. 

20. Pines, B., and Lcderer, M., Am. J. Path., 1947, 23, 755. 

21. Robertson, G. E., J. Pcdial., 1933, 3, 439. 

22. Mcttier, S. R., Ann. Ini. Med., 1940-41, 14, 436. 

23. Bodansky, A., and Jaffe, H. L., Arch. Int. Med., 1934, 54, 88. 

24. Kramer, B., and Halpert, B., Am. J. Dis. Child., 1939, 57, 795. 

2o. van Crcveld, S., and Heybroek, N. I., Acta Paedia ., 1940, 27, 462. 

26. Howard, C., and Gonzalez, J., Bull. Ncxo York Med. Coll., 1940, 3, 165. • 

2 '• Wortis, H., Am. J. Dis. Child., 1936, 52, 114S. 



620 


HEREDITARY OSTEOPETROSIS OP RABBIT. II 


EXPLANTATION OF PLATES 

All the rabbits were killed with chloroform except the one providing Fig. 8. In the x-ray 
photographs the dorsal surface of the body or of the dissected skeleton was in contact with 
the film holder. In Figs. 3 to 7, 9, 13 to 16, and 19 and 20 certain parts of the skeleton, such 
as the cranial vault, the sternum, the base of the skull and the mandible arc shown separated 
from the main specimen. 

Plate 36 

Figs. 1 and 2. X-ray photographs of the skeleton' of a case of osteopetrosis of a new-born 
rabbit and of a normal litter mate. Both were males and weighed 43 and SO gm. respectively. 
The stage of bone development of the osteopetrosis rabbit (Fig. 1) is slightly less advanced 
than that of the normal sib (Fig. 2) as is indicated particularly by the difference in the epiphy- 
seal shadows. In the bones of the extremities there are practically no marrow cavities; in 
the vertebrae, ribs, and pelvis the marrow cavities are ill defined and small and are much less 
extensive than those in the normal litter mate. Calcification of the calvarium is deficient. 
The lower incisor teeth were erupted; the upper incisors and the upper and lower molars 
were not erupted. X 0.54. 

Figs. 3 and 4. X-ray photographs of the skeleton of an osteopetrosis rabbit and of a normal 
litter mate aged 4 days. Both were males and weighed 90 and 140 gm. respectively. The 
general condition of tire diseased rabbit was excellent but the growth rate was already slower 
than that of the normal sib. At birth, the osteopetrosis rabbit weighed 55 and the normal 
70 gm. respectively; in 4 days the weight of the abnormal animal had increased by 64 per cent 
as compared with 100 per cent for the normal. The shadows of the long bones, sternum, and 
pelvis of the rabbit with osteopetrosis (Fig. 3) are of uniform density except for very small 
central areas of slightly lessened intense shadow. There is a suggestion of slightly more 
marrow space in the ribs, the bodies of the vertebrae, and probably in the bones of the base of 
the skull and in the scapula. The upper incisor teeth and the right lower incisor were tiny 
barely palpable points while the left lower was a small twisted tooth tilted inward toward the 
midline. X 0.54. 
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Figs. 5 and 6. X-ray photographs of the skeleton of an osteopetrosis rabbit and of a 
normal litter mate 9 days old. both were females and weighed 154 and 200 gm. respectively. 
The diseased rabbit was in good condition and was gaining weight. As shown in Fig. 5 the 
bones of the extremities and pelvis arc represented by dense, practically uniform shadows. 
In other bones, particularly the vertebrae, ribs, and sternum there are small central areas of 
less intense density. None of the incisor teeth was erupted and none can be seen in the x-ray 
photograph. The outline of only 2 small molar teeth in each mandible can be seen as com- 
pared with 3 in the normal animal; in the maxilla of both animals, S molars can be identified 
but those of the osteopetrosis rabbit arc smaller. In general, the skeleton of this animal is 
smaller than that of the normal sib, but the difference is not as marked as usual, A photo- 
graph showing the toothless condition is depicted in the preceding paper (1, Fig. 3). X 0.54. 

Fig. 7. X-ray photograph of the skeleton of an osteopetrosis male rabbit 13 days old and 
weighing 132 gm. The nutritional state was good. Note that there is no indication of a 
marrow cavity in the pelvic and femoral bones and only a suggestion of it in the slightly less 
dense shadows of the central portions of the other long bones. In the ribs, sternum, and verte- 
brae. the marrow cavities arc somewhat more distinctly indicated. The long bones and es- 
pecially the femur and tibia show shortening. Calcification of the skull and mandible is 
subnormal. The left upper incisor was not erupted and only the point of the right was vis- 
ible; the lower incisors were separated but were of normal length. The upper molars were 
small somewhat irregular teeth while the lower molars were just erupting. X 0.54. 

Fig. 8. X-ray photograph of the skeleton of an osteopetrosis female rabbit 15 days old 
and weighing 95 gm. It was found drowned in the water trough; there was very little post- 
mortem decomposition. The growth ot this animal had been extremely limited. The birth 
weight of 45 gm. had only doubled in a fortnight, whereas that of normal animals of this stock 
increases three- or fourfold or even as much as six times in this period (1, Charts 3 and 4). 
The pronounced shortening and peculiar shape of the femoral bones should be noted. Calci- 
fication of the vault of the skull was deficient, the posterior fontanelle was not closed, and 
hydrocephalus was present. The fracture of the right humerus was an autopsy accident and 
the bones generally were brittle. Only tiny points of the upper incisor teeth could be seen; 
the left lower incisor was missing and the right lower was a very thin slanting tooth. The 
molar teeth were subnormal. X 0.54. 
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Fig. 9. X-ray photograph of the skeleton of an osteopetrosis feraate rabbit aged 13 days. 
The animal was still in comparatively good physical condition and weighed 140 gm. but there 
had been no gain in weight since tite 9th day. The body weight values of this rabbit and 
3 normal sibs are portrayed by a series of curves in the preceding paper (1, Chart 4); curve D 
represents the values for this rabbit. A photograph of the incisor teeth is also shown (1, 
Fig. 4). The bone shadows are typical of the condition. An unusual feature is the indenta- 
tion of the Slli and 9th right ribs (to the observer’s left) which is shown more clearly in Fig. 10. 
X 0.34. 

Fig. 10. X-ray photograph of the anterior or ventral portion of the ribs of the osteopetrosis 
animal shown in Fig. 9 and, below, a similar region of a normal animal of the same age and 
belonging to the same stock. The expansion of the ventral ends of the ribs together with an 
intensification of shadow is frequently seen in the x-rays of osteopetrosis rabbits of this age. 
X 0.54. 

Fig. 11. X-ray photographs of bones of an osteopetrosis female rabbit IS days old anil 
weighing 198 gm. The physical condition was good and the body weight was still increasing. 
The deficient calcification of the calvarium and of the 9th and 10th ribs and vertebrae are 
well shown. The 9th ribs and vertebra of a normal litter mate appear in Fig. 12. In the 
central portion of the Jong hones lire shadows are not uniformly dense hut show irregular and 
spot ty areas of lessened density. None of the incisor teeth could be seen or felt. The poster- 
ior calvarium was prominent but hydrocephalus was not found. The hones of another osteo- 
petrosis sib and a normal rabbit of this litter and of the same age are shown in Fig .12. X 0.54. 

Fig. 12. X-ray photographs of the bones of an upper extremity of an osteopetrosis rabbit 
to the left and of a normal sib to the right, aged 15 days. Below are the 9th ribs and vertebra 
of the normal rabbit. These animals were litter mates of the rabbit of Fig. 1 1. Both were 
males. The normal animal weighed 550 gm. The osteopetrosis animal weighed 276 gm., 
was in quite good condition and was still growing. It will be noted that the marrow cavities 
of the long bones were fairly well defined and more so than those of the other osteopetrosis 
sib (Fig. 11). X 0.54. 
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Fig. 13. X-ray photograph of the skeleton of an osteopetrosis male rabbit aged 21 days 
and weighing 150 gm. The dense shadows of the bones of the extremities and of the pelvic 
bones are particularly prominent and there are only faint indications of marrow spaces. The 
ventral ends of some of the ribs arc beaded. 

This rabbit was the smallest of a litter of 5 which included another case of osteopetrosis; 
the birth weight was 35 gm. as compared with 41 to 46 gm. for the others. Growth had been 
steady until the last 4 days when there was only a slight increase of weight but the general 
condition was still fairly good. At 15 days of age, hydrocephalus was strongly suspected; 
the posterior fontanclle had not completely closed. There was no evidence of hydrocephalus, 
however, at autopsy 6 days later. The upper incisors were tiny infantile teeth which had 
grown but little and the left lower was smaller than the right lower. X 0.54. 

Fig. 14. X-ray photograph of bones of an osteopetrosis male rabbit aged 3 1 days and weigh- 
ing 340 gm. This animal was an example of the relatively infrequent case which is still grow- 
ing at this age and which has shown little or no cachexia. The comparatively slow process 
of the disease is reflected in the appearance of the bones. In the femur and pelvis the mar- 
row cavity is still not well defined but the appearance of the other bones is less abnormal. 
The condition of the teeth, however, was characteristic. The right upper and the left lower 
incisor teeth were long, frail, and spindly while the left upper and right lower incisors were 
only very tiny points. At birth, all the incisors were erupted but the uppers were shorter 
than normal. At 3 days, the left upper and the right lower were very small and evidently 
not growing. On the 10th day, the left upper had been shed, the right upper was a tiny struc- 
ture, and the lowers were normal looking. During the next fortnight, a second left upper 
incisor erupted but grew very little while the left lower developed into a long frail tooth. In 
the following week, the right upper became long and spindly. It is probable that the tiny 
right lower incisor noted on the 31st day when the animal was killed was a second tooth al- 
though the shedding of the first tooth was not observed. X 0.54. 

Figs. 15 and 16. X-ray photographs of bones of an osteopetrosis tarda rabbit and of a 
normal litter male aged 24 days. Both were males. The normal animal (Fig. 16) weighed 
324 gm. The osteopetrosis sib weighed 156 gm.; the cachectic condition was progressing quite 
rapidly, there was a loss of weight, and diarrhea had developed. The typical density of osteo- 
petrosis bones is well shown. In the femur, tibia, and pelvic bones, there arc only slight indi- 
cations of marrow spaces and the degree of shortening of the long bones is marked. At birth 
all the incisor teeth were normal but by the end of the 1st week, the uppers had grown only 
slightly. On the 10th day, the right lower was missing and the left lower was a spindly frail 
tooth. When the animal was killed, the upper incisors were somewhat short, especially the 
right, and both slanted toward the right side of the body. A second right lower incisor (to 
the observer’s left) had erupted and was placed partly behind the larger left lower tooth. 
Hydrocephalus was thought to have developed at 10 days and to have persisted for at least a 
week by which time the posterior fontanclle had closed. The posterior calvarium was still 
prominent at 24 days of age but no evidence of hydrocephalus was found at autopsy. X 0.54. 
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Figs. 17 and 18. X-ray photographs of the anterior skeleton of an osteopetrosis rabbit, 
and a normal litter mate aged 27 days. Both were males and weighed 308 and 6S0 gm. re- 
spectively. The osteopetrosis animal was still well nourished hut had been losing weight 
for the preceding 4 days. The comparatively small size of the bones generally and the short- 
ened long bones arc well shown. The general appearance and the extent of many marrow 
spaces approach normal but in others and especially in the humerus, there is still a considerable 
degree of spotty irregular clouding. The cortex of the humerus, radius, and ulna is thickened. 
The ribs appear to be somewhat wider than those of the norma! litter mate and the vertebral 
ends are expanded. The rib shadows arc not particularly dense; in general they arc homogene- 
ous and lack the cortical lines of more intense shadow seen in the normal animal. The in- 
cisor teeth were markedly abnormal. The right upper was only a tiny point and the left was 
missing; the lowers were widely separated and the left lower was smaller and shorter than the 
right. A photograph of the teeth on the 16th day is reproduced in the preceding paper 
(1, Fig. 5), together with photographs of both rabbits on the 1 6th and 24th days (1, Figs. 11 
and 12). X 0.54. 

Figs. 19 and 20. X-ray photograph of bones of an osteopetrosis rabbit and a normal litter 
mate aged 34 days. Both were males and weighed 230 and 646 gm. respectively. The osteo- 
petrosis rabbit was almost moribund. At birth, the weight was 52 gm.; for about a fortnight, 
the general condition was excellent, active growth took place, and on the 14th day, the body 
weight was 200 gm. The comparable weights for the normal litter mate were 30 and 220 gm. 
respectively. During the 3rd week the condition of the osteopetrosis rabbit underwent a 
marked deterioration, a progressive malnutrition developed, and a retardation and then ces- 
sation of growth were observed. At the end of the 4th week, diarrhea developed. Within 
a day or two the weakness was obviously intensified and by the 34th day. the animal was 
prostrated. 

The contrast in the x-ray photographs of these litter mate rabbits is very striking. In the 
rabbit with osteopetrosis (Fig. 19) the bones generally are very much smaller than those of 
the normal sib (Fig. 20). The characteristic shortening and thickening of the long bones is 
particularly well brought out in the case of the femur and tibia. In both these bones the mar- 
row cavities are still not well differentiated; in the pelvis, vertebrae, and base of the skull, 
there is a similar although less pronounced condition. In the sternal, tarsal, metatarsal, and 
phalangeal bones the marrow spaces are better differentiated. In the x-ray film of the upper 
part of the skeleton not reproduced here the ribs resemble those shown in Fig. 17 with the 
additional feature of a considerable bulbous expansion of their anterior or ventral ends. The 
right upper incisor tooth was missing and the left upper was merely a liny point. Both second- 
ary incisors were also very small points. The lower incisors were separated, long teeth, the 
right longer than the left. The molar teeth were small and irregular. As shown in the x-ray 
photograph only the 2 posterior upper molars were developed to a degree approaching normal. 

X 0.54. 







THE ASSOCIATIVE REACTIONS OF PNEUMONIA VIRUS OF MICE 
(PVM) AND INFLUENZA VIRUSES: THE EFFECTS OF pH AND 
ELECTROLYTES UPON VIRUS-HOST CELL COMBINATIONS 

By FRED M. DAVENPORT, M.D. *• i and FRANK L. HORSFALL, Jr., M.D. 

C From the Hospital of The Rockefeller Institute for Medical Research) 
(Received for publication, September 9, 1948) 

Previous studies (1-4) on pneumonia virus of mice (PVM) have shown that 
the virus combines either with erythrocytes or with lung particles obtained 
from species susceptible to infection with the agent but not with other tissues. 
Moreover, it has been demonstrated (1-5) that, unlike influenza (6), mumps 
(7), and Newcastle disease (8) viruses, spontaneous dissociation from the 
combined state does not occur with PVM. Release of the virus from combina- 
tion can be achieved by heat (1-3) or treatment with alkali (5) but either 
procedure destroys the infectivity of the virus, as well as the combining capac- 
ity of the tissue component, although neither demonstrably alters the com- 
bining capacity of the virus itself. 

In the course of the present investigation a technique was developed by 
means of which dissociation of PVM from the combined state can be ac- 
complished without destroying either the infectivity' of the virus, the com- 
bining capacity of the virus, or the combining capacity of the tissue component. 
This technique provided a means suitable for a study of some of the factors 
which influence virus-tissue component combinations. 

In the present investigation the effects of electrolyte concentration, ionic 
composition, and pH, as well as virus concentration upon combination have 
been studied. It will be shown that dissociation of P\M from the combined 
state is strikingly dependent upon electrolyte concentration and pH; that the 
effect of electrolytes upon combination between the virus and tissue components 
15 independent of their ionic composition but is dependent upon their con- 
centration; that with respect to combination there is an inverse relationship 
between virus concentration and electrolyte concentration. In addition, it 
"ill be shown that the reactions between influenza viruses and erythrocytes 
also are strikingly influenced by the ionic environment and certain of the 
similarities and. differences between the reactions of PVM and the influenza 
viruses with erythrocytes will be presented. 

I cllow in the Field of Vires Diseases of the National Research CoundL 
« A thesis based upon this study was submitted in partial fulfillment of the requirements 
o. the degree of Doctor of Medical Sdenccs in the Department of Medidne of Columbia 
t rivers! ty. 
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ASSOCIATIVE REACTIONS OF VIRUSES 


Materials and M elhods 

PVM. — Strain IS of the pneumonia vims of mice (PVM) (9) was used exclusively. It was 
maintained by occasional passage in albino Swiss mice and stored as a 10 per cer.t suspension 
of infected mouse lungs at — 70°C. Either combined virus or heat-released virus suspensions 
were prepared as described in previous communications (5, 10). Dissociated PVM prepara- 
tions were obtained from 10 per cent suspensions of perfused infected lungs in non-electrolyte 
solutions (i.c., distilled H-0, 0.25 u dextrose, or 0.25 u sucrose) and were centrifuged at 12,000 
E.p.M. for 30 minutes in order to sediment the tissue-combining component (4). 

Influenza Viruses. — The PR8 and FM1 strains of influenza A virus, and the Lee and B1103 1 
strains of influenza B vims were employed. The viruses were passed in the allantoic sac of 
chick embryos according to the technique previously described (11). 

Hemagglutination Titrations. — (7) PVM: The technique of hemagglutination titrations 
with mouse RBC, utilizing serial twofold dilutions, and the method of estimating end points 
were identical with those previously employed (3). (2) Influenza virus: The technique of 
hemagglutination titrations with 1 per cent chicken RBC has been described elsewhere (11). 

RBC Suspensions. — Blood was obtained from cither mice or chickens and was mixed with 
2.5 per cent sodium citrate. The erythrocytes were washed 3 times in the desired diluent, as 
indicated in the text, and made up by volume to the desired concentration. 

Normal Moikc Lung Suspensions. — The lungs of normal Swiss mice were perfused in situ 
with buffered saline. After removal the lungs were ground to a 10 per cent suspension in a 
modified blendor for 2 minutes at 4°C. As indicated in the text, the diluent employed varied 
in accordance with the experiment. Suspensions were stored at — 30°C. until used. 

Virus-Combining Capacity of Mouse Lung Suspensions . — As described previously (4) the 
virus-combining capacity of mouse lung suspensions was taken as the highest dilution which 
completely combined with either 8 or 16 hcmagglutinating units of PVM. 

Solutions. — The solutions used frequently in this investigation are designated as follows 
in the text: Saline = 0.15 M NaCl solution buffered at pH 7.2 with 0.01 m phosphate. Dex- 
trose or sucrose = 0.25 M dextrose or sucrose solution buffered as above. Water = distilled 
water which was used exclusively. 


EXPERIMENTAL 

Dissociation of PVM-Lung Particle Combination . — Previous studies have 
shown that, although PVM cannot be demonstrated by the hemagglutination 
technique in suspensions of infected mouse lungs unless they are subjected to 
treatment which releases the virus from combination with tissue particles 
(1-5), the virus can be so demonstrated with slices of unground lungs (5) as 
well as in tracheal washings from infected lungs (4). This indicates that in the 
intact infected lung some virus is present in an uncombined state, and that 
combination between- free PVM and lung particles occurs when the lungs are 
ground. 

In the course of studies on the mechanism of combination between PVM 
and lung particles, it was observed that as the NaCl concentration of the 
mixture was reduced the quantity of virus that combined with tissue particles 
also was reduced. This observation suggested that combination between 

1 The B1103 strain was obtained through the courtesy of Dr. R. M. Taylor, the Interna- 
tional Health Division, The Rockefeller Foundation. New York, N. Y. 
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PVM and lung particles could be prevented, or that such combination once 
formed could be dissociated, by grinding infected lungs either in water or in a 
non-electrolyte solution so that the electrolyte concentration of the suspension 
would be low. To test this hypothesis a number of different experiments 
were carried out. 

The lungs of mice infected with PVM were perfused with saline to remove both erythro- 
cytes and antibodies against the virus which, if allowed to combine with PVM during grinding, 
would reduce the amount of virus obtained. Ten per cent suspensions then were made in 
either saline, water, 0.25 m dextrose, or 0.25 u sucrose. Aliquots of each of the suspensions 
were heated at 70°C. for 30 minutes and clarified by centrifugation. Additional aliquots were 

TABLE I 


The Dissociation of PVM from Infected Mouse Lung Suspensions in Distilled £T;0 or 
Solutions of Nor.-Electrolyles 


PVM suspension: 10 per cent perfused 
infected mouse lung prepared in 

Treatment of suspension 

Hemagglutination 
titer of supernate 

mouse RBC 

70“C. 

12,000 n^-sr. 


min. 

min. 


0.15 it NaCl 

0 

0 

0 

« It it 

30 

10 

256 

Distilled H ; 0 

0 

30 

256 

it tt 

30 

10 

1024 

0.25 M dextrose 

0 

30 

512 

it It it 

30 

10 

204-S 

0.25 u sucrose 

0 

30 

512 

. *t it it 

30 

10 

204S 


immediately centrifuged. Each aliquot then was tested by the hemagglutination technique 
and the titer of free virus was determined. 


The results of certain typical experiments are shown in Table I. As has 
been recorded previously (1-3) no virus was detectable by hemagglutination 
with unheated PVM suspensions prepared in saline but the agent was demon- 
strable when such suspensions were heated appropriately. On the other hand, 
virus was readily demonstrated by hemagglutination with suspensions prepared 
ln Clt her water, dextrose, or sucrose. Suspensions of normal mouse lungs, 
Prepared in identical manners, did not cause hemagglutination reactions 
similar to those obtained with infected lungs. In some instances, with low 
dilutions of normal lung suspensions, slight aggregation or clumping of ervthro- 
^tes was observed; both qualitatively and quantitatively such clumping was 
readily distinguishable from that caused by the virus. Moreover, specific 
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serological tests (3) dearly demonstrated that the hemagglutination reactions 
obtained with suspensions of infected lungs, containing but little electrolyte, 
were attributable to PVM. A suspension of the virus in 0.25 M sucrose, which 
gave a hemagglutination titer of 1:512, caused no hemagglutination after it 
was mixed with PVM immune hamster serum. 

The results of these experiments suggest that when the electrolyte concentra- 
tion of the suspension is maintained at a low level PVM either does not com- 
bine with or dissociates from tissue particles formed during grinding of mouse 
lungs. With the techniques now available it is impossible to determine how 
much of the virus in intact infected lungs is combined and how much is un- 
combined. Nor is it possible to determine directly whether virus first com- 
bines with and then dissociates from particles formed when infected lungs are 
ground in non-electrolyte solutions, or whether such combination is prevented. 
However, when combination between the virus and lung particles is caused to 
occur by grinding infected lungs in saline, the combined virus can be dissociated 
readily by reducing the electrolyte concentration to a low level. A distinction 
between the alternatives, therefore, would appear to be unimportant and the 
term dissociated virus will be used to designate the uncombined virus present 
in the supernate of preparations ground in solutions of low electrolyte con- 
centration. 

Table I shows, in addition, that the hemagglutination titer of virus obtained 
with preparations of dissociated PVM is usually equal to or greater than the 
titer obtained with heat-released virus in saline. However, the titer of sus- 
pensions heated in non-electrolyte solutions is in general fourfold greater than 
the titer obtained with either heat-released virus in saline or dissociated virus. 
It is evident that the hemagglutination titer of heat-released virus in saline, 
or dissociated virus in non-electrolyte solutions, reveals but a small proportion 
(i.e., of the order of 25 per cent) of the virus present in infected mouse lungs 
as determined by hemagglutination with suspensions heated in non-electrolyte 
solutions. 

Injectivity of Dissociated PVM . — Either heat or alkali treatment, procedures 
used previously to release PVM from combination in infected lung suspen- 
sions, renders the virus non-infectious (1-5). On the other hand, free infectious 
PVM, prepared by extracting unground lung slices with cold saline, has been 
shown to be infective (5). It was important to determine if dissociated virus 
preparations also were infectious. 

Tests for infectivity were carried out in the following manner. A suspension of dissociated 
PVM was prepared in 0.25 it dextrose. In order not to cause inactivation of the very unstable 
property of infectivity, the dextrose solution was buffered at pH 7.2 with 0.01 it phosphate, 
and centrifugation was carried out at 4°C. The supernate was diluted in cold buffered dex- 
trose and the virus titered in mice as described elsewhere (5). 
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It was found that the dissociated PVM preparation employed, which had a 
hemagglutination titer of 10“ 3 - 1 , had an M.S.50 virus titration end point of 
10“"*“. The latter figure is comparable to the infectivity titers obtained 
previously with free infectious virus of s imil ar hemagglutination titer (5). It 
is evident that following dissociation in the presence of dextrose PVM retained 
the property of infectivity. 

The Effect of Centrifugation on Dissociated PVM . — The effects of centrifuga- 
tion and of heat upon dissociated virus were studied in order to provide a 
basis for the interpretation of experiments reported in subsequent sections. 


TABLE H 

Effect of Centrifugation on Dissociated PVM in Distilled H-0 


PVM suspension: 10 per cent 
perfused infected mouse 
lung prepared in 

Treatment of suspension 

Hemagglutina- 
tion titer of 
supemate 

mouse RBC 

NaCl 
added to 

-o°c. 

Centrifugation 


X 

min. 

b.p.x. 



Distilled H ; 0 

0 

0 

12,000* 

30 

256 

“ 

tt 

tt 

tt 

60 

512 

tt tt 

it 

tt 

lS,000f 

166 

32 

tt tt 

tt 

30 

8,000 

5 

512 


it 

tt 

12,000 

30 

tl 

tt tt 

0.15 

tt 

8,000 

5 

256 


ft 

ft 

12,000 

30 

tt 

0.15 m NaCl 

0 

tt 

8,000 

5 

128 

tt tt It 

It 

ft 

12,000 

30 

(( 


* Rotor diameter = 19.8 cm. 
t Rotor diameter = 30.1 cm. 


A suspension of infected lungs in water was divided into aliquots which were centrifuged 
at high speed under various conditions. In certain instances the specimens were heated at 
'O’C. for 30 minutes; in others NaCl to 0.15 si was added before heating; in still others neither 
the addition of NaCl nor heating was employed. A suspension of heat-released virus in saline 
served as a control preparation. The hemagglutination titer of the supemate from each 
aliquot was determined after it had been centrifuged at S,000, 12,000, or 18,000 E.r.y. for 
venous periods. When the latter speed was desired, a high speed vacuum centrifuge (12) 
w ith a rotor about 1.5 times the diameter (i.e., 30.1 cm.) of that of the open air high speed 
centrifuge (13) was employed. The greatest centrifugal force used was, on the basis of pre- 
cious studies on the sedimentation of uncombincd PVM (10), sufficient to sediment approxi- 
mately 90 per cent of the free virus. 

The results of these experiments are presented in Table II. It will be seen 
that, as was found previously (10), the centrifugal force used did not cause 
sedimentation of a significant amount of heat-released virus. Similarly, it 
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was found that PVM, dissociated from combination in water, showed no in- 
creased sedimentation in high gravitational fields and, moreover, was unaffected 
by heating in the presence or absence of added NaCl. Finally, approximately 
90 per cent of the dissociated virus was'sedimented by a gravitational force 
calculated to sediment the uncombined virus. These results indicate that the 
procedures employed did not lead to aggregation of the virus particles and 
suggest that dissociated PVM is not significantly larger than either heat-re- 
leased virus or free infectious virus obtained from intact lungs (10). The 
effect of heating dissociated virus was also studied. It was found that dis- 
sociated virus showed heat stability similar to that of combined PVM. 

The Effect of Centrifugation and Heal on Lung Particles in Water. — For 
reasons mentioned in the preceding section, studies were made on the effect 
of centrifugation and of heat on tissue particles present in suspensions of 
normal mouse lungs in cither saline or water. 

Suspensions in these diluents were centrifuged at 12,000 it.r.it. for 15, 30, and 60 minutes, 
respectively, and the virus-combining capacity of the supemates was determined in the pres- 
ence of 0.15 it NaCl as described above. 

No significant difference in the combining capacity of the water and saline 
supernates was observed. These results indicate that grinding mouse lungs 
in water does not yield tissue particles which are less readily sedimented than 
those present in lungs ground in saline. 

Studies on the heat stability of lung particles in saline and in water were 
carried out. Suspensions of normal mouse lungs in these diluents were heated 
at 70°C. for 30 minutes and their virus-combining capacity then was deter- 
mined. It was found with both types of suspension that the capacity to 
combine with PVM was destroyed by tills treatment. These results indicate 
that the combining capacity of particles suspended in water is not more heat- 
stable than that of lung particles in saline. 

Dialysis of Dissociated PVM. — In the preceding experiment with dissociated 
PVM, although virus suspensions were prepared in water or in solutions of 
non-electrolytes, they still contained the electrolytes present in the infected 
lung tissue itself. In order to remove the diffusible portion of such electrolytes, 
suspensions of infected lungs in water were dialyzed in cellophane against a 
large volume of water for 24 hours at 4°C. The properties of dialyzed sus- 
pensions of dissociated PVM were then investigated. 

It was found that a greater proportion {i.c., of the order of 50 per cent) of 
the virus present in dialyzed suspensions was demonstrable by hemagglutina- 
tion than in undialyzed suspensions prepared in water. Combination and 
dissociation between dialyzed virus and dialyzed lung particles, obtained 
either from infected or normal lungs, can be caused to occur at will by ap- 
propriate manipulation of the NaCl concentration of the mixture as is indi- 
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cated below. The increased sedimentation of heat-released PVM following 
dialysis (3) also was observed to occur with dialyzed dissociated PVM. An 
unexpected finding was the observation that dialyzed suspensions lost the 
greater proportion of their hemagglutinating capacity if heated in the absence 
of salt. This property remained unaffected if NaCl were added to the dialyzed 
suspension prior to heating. 

Recombination of Dissociated PVM and Lung Particles . — The finding that 
dissociation of PVM-lung particle complexes can be accomplished by lowering 
the electrolyte concentration raised questions as to whether combination and 
subsequent dissociation had altered the combining capacity of either the virus 
or the tissue particles, and whether recombination could be caused to occur 


TABLE m 


Recombination between Dissociated PVM and Mouse Lung Particles in the Presence of NaCl 


PVM suspension: 

10 per cent perfused 
infected mouse lung 
prepared in 

Treatment of suspension 

Treatment of supemate 

Hemaggluti- 
nation titer 
of supemate 
vs. 

mouse RBC 

70"C. 

NaCl 

added 

12,000 

EJMI. 

Normal mouse lung 
particles added in 

12,000 
E.PAI- 1 

| 


min. 

j r 

min. 


min. 


Distilled H.O 

0 

0 

30 

0 

0 

128 

it It 

tt 

0.15 

tt 

tt 

tt 

0 

it it 

30 


10 

tt 

\ “ 

128 

it tt 

it 

i « 

| 

tt 

Distilled H,0 


tt 

0.15 u NaCl 

it 

i “ 1 

tt 

o 

. 

0 

tt 

it tt tt 

tt 

i 

i 

! “ 

i 0.15 u NaCl 

30 

0 

i 


by raising the electrolyte concentration of the mixture. The following experi- 
ments were carried out. 


A suspension of infected lungs in water was divided into aliquots. One was centrifuged in 
the usual manner. To the other was added NaCl to 0.15 v, after which it was centrifuged 
similarly. To a heat-released PVM preparation in water was added an equal volume of a 
suspension of normal mouse lungs in water. The mixture was held at 37°C. for 30 minutes 
a nd then centrifuged to remove the lung particles. As a control, a heat-released PVM sus- 
pension in saline was employed. To one volume was added an equal volume of a suspension 
of normal lungs in saline. The mixture was incubated and then centrifuged as above. Each 
of the supemates was tested for the presence of PVM by the hemagglutination technique. 


The results of these experiments are presented in Table III. As has been 
demonstrated previously (2, 3), heat-released virus combined with lung parti- 
cles in saline and was not demonstrable by' hemagglutination. It is evident 
diet in low concentrations of NaCl dissociated PVM did not recombine with 
un S particles to an appreciable extent. However, when NaCl was added in 
sufficient concentration dissociated virus and lung particles did recombine. 
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This demonstrates clearly that the combining capacity of neither the virus nor 
lung particles is irreversibly altered after dissociation has been effected. 

Effect of NaCl Concentration upon Recombination between Dissociated. PVM 
and Lung Particles. — The finding that dissociated PVM recombined with 
lung particles when NaCl was added suggested that the reaction could be 
used to determine the relationship between NaCl concentration and recom- 
bination of the virus and lung particles. 

To aliquots of a suspension of infected lungs in water NaCl was added to yield concentra- 
tions ranging from 0.145 to 0.018 it. The matures were held at room temperature for 20 
minutes, centrifuged at 12,000 r.p.m. for 30 minutes, and the supemates tested by the hemag- 
glutination technique. 

The results of this experiment are shown in Table IV. Under the experi- 
mental conditions employed, recombination between dissociated PVM and 

TABLE IV 


The Effect of NaCl Concentration on Recombination between Dissociated PVM and Mouse 

Lung Particles 


PVM suspension: 10 per cent perfused 
infected mouse lung prepared in j 

Treatment of suspension 

Hemagglutination 
titer of supernate 
vs. 

mouse RBC 

NaCl added 

12,000 S.P.U. 




min. 


Distilled H-0 

0 

30 

128 

tt 

tt 

0.018 

« 

32 

it 

it 

0.036 

ft 

<( 

« 

tt 

0.072 

it 

0 

It 

it 

0.145 

it 

11 


lung particles was complete at NaCl concentrations of 0.072 m or more. With 
0.036 M NaCl or less not all of the dissociated virus present in the suspension 
was bound by the lung particles. It is evident that the amount of dissociated 
PVM bound by lung particles is directly related to the electrolyte concentration. 

Effect of NaCl Concentration on Recombination between Seat-Released PVM 
and Lung Particles. — Because the combining capacity of dissociated PVM 
appeared to be identical with that of heat-released virus, a study of the rela- 
tionship between NaCl concentration and recombination between heat- 
released PVM and lung particles also was undertaken. 

Mixtures of heated virus in water and lung particles in water were prepared and NaCl was 
added to concentrations ranging from 0.145 m to 0.018 m. The quantity of virus which com- 
bined with the lung particles was determined in the usual manner. 

The results of this experiment were similar to those described in the preceding 
section. At NaCl concentrations of 0.072 M or more at least 50 per cent of 
the heated virus present combined with the lung particles, while at NaCl 
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concentrations of 0.036 u or less no evidence of combination between the virus 
and lung particles was observed. 

Virus-Combining Capacity of Normal Lung Suspensions . — The experiments 
described in a preceding section show that as the NaCl concentration was 
reduced the amount of PVM bound by lung particles was also reduced. In 
the present experiments the virus-combining capacity of normal lung suspen- 
sions in varying concentrations of NaCl was studied. 

To each of a series of twofold dilutions of a suspension of perfused normal lungs in water or 
in 0.15 it NaCl, 16 hemagglutinating units of PVM in 0.15 it NaCl was added. An equal 
quantity of PVM in 0.68 it NaCl was added to each of a series of twofold dilutions of the lung 
suspension in 0.68 si NaCl. Following incubation at 37°C. for 30 minutes, the combined virus 
was sedimented in the centrifuge and the supemates were tested for free virus by the hemag- 
glutination technique. 


TABLE V 


The Effect of NaCl Concentration upon PVM-Combtning Capacity of Normal Mouse 

Lung Suspensions 


Suspension: 10 per cent perfused normal 
mouse lung diluted in 

Virus added to 
each dilution 

Final NaCl concen- 
tration of PVM- 
mouse lung particle 
mixture 

Hernar^Iutination- 

Hemagglutinating 
units ! 

sus pension 

Distilled HjO 

16 

M 

0.07 

8 

0.15 it NaCl 

(I 

0.15 

61 

0.68“ “ 

(I 

0.68 

512 


The results of a typical experiment are shown in Table V. It is evident 
that as the NaCl concentration of the normal lung suspension was increased, 
the hemagglutination-inhibition titer of the suspension also increased. It will 
be recalled that the inhibition titer of a lung suspension is taken as the highest 
dilution that completely combines with a constant amount of virus ; this is a 


Measure of the virus-combining capacity of the suspension (4). 

As an explanation for the unexpected result obtained with high salt con- 
centration, it seemed possible that in 0.68 it NaCl solution the lung particles 
"ere in a more dispersed state or, indeed, that some of the combining component 
m 'ght have become soluble. As another explanation it seemed possible that 
the state of the virus might be altered in hypertonic NaCl. If the virus 
Particles became aggregated, the net effect might be to increase, falsely, the 
apparent virus-combining capacity of the lung suspension. However, the 
cmagglutination titer of a PVM suspension at NaCl concentrations ranging 
com 0.07 to 0.62 it did not vary and therefore it appeared that the effect of 
- a U on the virus-combining capacity of lung suspensions was not to be 
explained on this basis. The results of these various experiments indicate 
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clearly that the amount of virus which is bound by a lung suspension is directly 
related to the NaCi concentration over the range studied. 

Effect of Various Electrolytes on Combination between PVM and Lung Parti- 
cles.— To determine whether the effect of NaCi upon combination between 
PVM and lung particles was due to either Na + or Cl~ ions or could be dupli- 
cated with other electrolytes, additional experiments were performed. The 
effect of KCI, MgCls, NHuCl, and NajSOi, respectively, on the virus-com- 
bining capacity of lung suspensions also was studied. 

To each of a series of twofold dilutions of perfused normal lung suspension prepared in one 
or another of the salts mentioned above, 8 hcmagglutinating units of PVM in the corresponding 
electrolyte was added. Because of the finding that the virus-combining capacity of lung 
particles is greater in hypertonic solution, the electrolyte concentration in cadi mixture was 
maintained at 0.3 sr in order to increase the probability of detecting small differences in the 

TABLE IT 


The Effect of Various Electrolytes on Combination between PVM and Mouse Lung Particles 


Mixture 

Hemarctutination- 
inhibition titer of 
suspension 

PVM hcmapRlutmating 
units 

Suspension: 10 per cent 
perfused normal mouse 
lung 

Diluent 

8 

Serial dilutions 

0.3 m NaCi 

512 

it 

<t tt 

0.3 m KCI 

it 

it 

tt u 

0.3 m MgCI- 

tt 

it 

tt tt 

0.3 si NIL Cl 

it 

it 

tt tt 

0.3 si Na,SO, 

tt 

u 

(i tt 

Distilled HjO 

0 


effect of various electrolytes upon the combination reaction. The virus-combining capadty 
of the suspension was then determined in the usual manner. 

The results of these experiments, as recorded in Table VI, demonstrate that 
the virus-combining capacity of a lung suspension is independent of the ionic 
composition of the mixture. Obviously, either mono- or bivalent ions can 
be substituted for NaCi without influencing the capacity of lung particles to 
bind the virus. These results indicate that the effect of electrolytes on PVM- 
lung particle combination is not specific for any single ion or pair of ions, and 
that the effect is due to a property shared by one, at least, of each ion pair 
tested. 

Effect of NaCi on Combination between PVM and Mouse Erythrocytes . — 
Sufficient evidence has been accumulated to support the concept that infection 
by PVM is initiated by combination between the free virus and cells of the 
respiratory tract (4). It appeared that a study of the influence of electrolytes 
upon combination of the virus with intact cells rather than with cell fragments 
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might provide information about some of the factors concerned in this reaction 
and might yield a clue concerning the mechanism. With suspensions of 
erythrocytes the external electrolyte environment can be readily controlled, 
but it would be technically difficult to control this variable with intact cells 
of the excised lung. Present evidence indicates that, as regards combination 
with PVM, mouse RBC do not differ significantly from respiratory tract cells 
(4). The effect of NaCl upon combination between PVM and mouse RBC 
was therefore studied. 

A suspension of dissociated PVM in 0.25 m dextrose was added to a suspension of 50 per 
cent mouse RBC which had been washed in 0.25 it dextrose. The final concentration of RBC 
was 5 per cent. The mixture was held at room temperature; at 30 and 240 minutes aliquots 
were removed, the cells sedimented, and the free virus content of the supemate determined. 
After 240 minutes sufficient NaCl was added to raise the concentration of the mixture to 0.15 

TABLE Vn 


The Effect of NaCl on Combination between PVM and Mouse Erythrocytes 




Treatment 

Herragsl atten- 
tion titer of 


Mixture 

Ns Cl ! 

added | 

Held at 
room tem- 
perature 

1 2,000 

2-P .ST. 

supernate 

TJ. 

mouse RBC 




rtm. 

nin. 


PVM + RBC 4- 0.25 ii dextrose 

0 1 

30 i 

5 

512 

(I 

{< n u k 

it \ 

240 

K 

, 

(( 

It 

(i it it it 

0.15 

240 J- 30 

i (( 

32 

tt 

4- 0.15 11 NaCl 

0 

0 

j o 

512 

tt 

+ RBC + 0.15 u NaCl 

it 

: 

30 

! 5 

16 


M. After an additional 30 minutes the virus content of the supernate was measured. A 
control consisted of a similar mixture to which 0.15 u NaCl was added immediately. 

As shown in Table VII, combination between PVM and mouse RBC in 
dextrose solution did not occur even though the mixture was held for 4 hours. 
Yet, when NaCI was added, the virus promptly united with the erythrocytes. 
In other experiments the virus-combining capacity of mouse erythrocytes in 
hypertonic NaCl solution was compared to that in isotonic NaCl. The 
technique employed was similar to that described above in the section on the 
effect of NaCl concentration upon the combining capacity of lung particles. 
It was found that the combining capacity of mouse RBC in 0.73 si saline was 
two- to fourfold greater than that in 0.15 si NaCl. 

Combination between PVM and Erythrocytes in Various Electrolyte Solutions . — 
Since the effect of NaCl upon virus-RBC combination appeared to be the same 
as upon virus-lung particle combination, the effect of various electrolytes 
upon the former combination was determined. 
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Serial twofold dilutions of a dissociated PVM suspension in water were made either in 
various electrolyte solutions at 0.15 K or in non-electrolyte solutions at 0.2S M. To each dilu- 
tion was added an equal volume of mouse RBC suspended in a solution of corresponding com- 
position. The hemagglutination titers were then determined. 

* 

The results are recorded in Table VIII. When hemagglutination titrations 
were performed in non-electrolyte solutions, agglutination of RBC did not 
occur. Because combination between virus and erythrocytes is the first step 
in the hemagglutination reaction, the absence of agglutination in non-electrolyte 
solutions may be attributed to failure of the virus and RBC to unite. In each 
of the various electrolyte solutions, on the other hand, the hemaglutination 
titer was identical with that obtained in the presence of NaCl. It appears 
that the effect of electrolytes upon combination between PVM and erythrocytes 


TABLE Vin 

Hemagglutination Titer of PVM in Various Electrolyte or Non-Electrolyte Solutions 


Diluent 

Concentration 

Heraaggiutina- 
tion titer ts. 
mouse RBC 

Diluent 

Concentration 

Hemagglutina- 
tion titer rr. 
mouse RBC 


M 

- 


X( 


Dextrose 

0.25* 

0 

MgC!. 

0.15 

512 

Sucrose 

It * 

tt 

Nn-SOt 

It 

“ 

NaCl 

0.15 

512 

NaH;PO< 

tt 

it 

KCl 

tt 

tt 

Na-HPO, 

tt 

tt 

CaCh 

“ 

tt 

NaNO; 

tt 

<t 


* 0.01 m phosphate added. 


is a property which is shared by all of the electrolytes studied, and is not 
dependent upon the presence of any particular anion or cation combination. 
These results parallel those obtained with various electrolytes and PVM-lung 
particle mixtures.’ The similarity of the reactions suggests that the combining 
components in lung particles and in RBC are either the same or closely related 
substances. The hemagglutination titer of a PVM suspension was determined 
in the presence of 0.15 m NaCl in buffers of 0.1 ionic strength which ranged 
from pH 5 to pH 9. No significant difference in titer was observed at any of 
the pH levels studied. This indicates that in the presence of a sufficient 
concentration of electrolytes combination between the virus and RBC occurs 
over a wide range independently of the pH of the suspension. 

The Effects of pH and Electrolyte Concentration upon Dissociation of PVM from 
Combination with EEC— The release of PVM from combination with eiythro- 
cytes by heat, as previously described (1-3), destroys the combining capacity 
of the RBC. Release of PVM combined with erythrocytes can be achieved 
readily by sedimenting the RBC and causing hemolysis with water. Dissocia- 
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tion of combined PVM without disruption of the KB C can be effected by 
resuspending the virus-RBC complex in 0.25 it dextrose or sucrose buffered 
at pH 7.2 with 0.01 it phosphate. In general, the degree of dissociation ob- 
tained appeared to be complete. 

Although the PVM-KBC complex readily dissociated in 0.25 it dextrose 
buffered at pH 7.2 with 0.01 it phosphate, no dissociation occurred in unbuffered 
0.25 M dextrose. This observation suggested that dissociation was influenced 
by either the pH or the electrolyte concentration, or, possibly, by both factors 



Fig. 1. The effects of varying pH and electrolyte concentration relative to each other upon 
dissociation of PVM from combination with mouse RBC. The pH was varied with phosphate 
buffers at 0.01 il The electrolyte concentration was varied with XaCl at pH 6.0 in 0.01 u 
phosphate buffer. 

The effect of varying pH at constant electrolyte concentration was first studied. To ali- 
quots of a PVM preparation in saline sufficient mouse RBC were added to yield 5 per cent 
suspensions. After 10 minutes the mixtures were centrifuged, and the RBC washed twice in 
unbuffered 0.23 u dextrose. The sedimented cells were resuspended to volume in 0.25 it 
dextrose solutions buffered with 0.01 it phosphate at pH 5.3, 6.0, 7.0, and 8.0, respectively. 
After 30 minutes the cells were again sedimented, and the amount of virus in the supemates 
was measured by the hemagglutination technique. 

The results of a typical experiment are shown in Fig. 1 . It will be seen that a 
significant amount of the virus dissociated from the erythrocytes only when 
the cells were resuspended in dextrose buffered at pH 7 or S. Therefore, it 
appears that at constant electrolyte concentration dissociation is a function of 
the pH of the suspension. 
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In order to investigate the effect of varying electrolyte concentration at 
constant pH upon dissociation, a modification of the procedure described 
above was employed. 

Vfrus-RBC complexes were formed in saline. The erythrocytes then v.'erc washed twice 
in unbuffered dextrose and resuspended to volume in 0.25 u dextrose buffered at pH 6.0 with 
0.01 u phosphate. NaCl was added to the suspension in concentrations ranging from 0.15 
m to 0.01 it. After 30 minutes the cells were again sedimented, and the amount of virus pres- 
ent in the supernate was measured in the usual manner. 

The results of a typical experiment also arc shown in Fig. 1. It is evident 
that at pH 6.0 dissociation was maximal at 0.028 h electrolyte concentration 
and that either lower or higher concentrations markedly reduced dissociation. 
These results indicate that dissociation of PVM from combination with RBC 
is a function of both the electrolyte concentration and the pH of the suspension. 
A study of the behavior of PVM-RBC stromata complexes noth respect to 
the effect of electrolyte concentration showed that combination and dissocia- 
tion also could be caused to occur by appropriate regulation of this variable. 

Sequential Cycles of Combination and Dissociation of PVM and Mouse 
Erythrocytes . — It is well established that mouse erythrocytes contain a sub- 
, stance with which PVM combines and that spontaneous dissociation of the 
virus from combination does not occur (1-5). Nonetheless, dissociation and 
recombination can be achieved by varying the electrolyte concentration. It 
appeared probable that additional information about the PVM-RBC reaction 
could be obtained by determining whether or not either the virus or the red 
blood cell was altered as a result of combination and dissociation. 

To a suspension of dissociated PVM in 0.25 u sucrose was added sufficient NaCl to yield 
a 0.15 it solution. Packed mouse erythrocytes, washed in saline, were then added to a con- 
centration of 5 per cent. Preliminary experiments indicated that this amount of RBC would 
combine with all of the virus present in the preparation used. The mixture was held 15 
minutes, the cells sedimented, the supernate removed, and its hemagglutination titer deter- 
mined. The packed RBC were resuspended to volume in 0.25 M sucrose, buffered at pH 7.2 
with 0.01 m phosphate. After 15 minutes the RBC were again sedimented, an aliquot of the 
supernate removed, and its hemagglutination titer measured. To cause another cycle of com- 
bination and dissociation between virus and RBC, the mixture was shaken, sufficient NaCl 
was added to restore the concentration to 0.15 xt, and the cells were again sedimented after 
15 minutes. The supernate was removed and titered as before. Additional cycles were per- 
formed by a repetition of these steps. 

The results of a typical experiment in which 3 cycles of combination and 
dissociation were carried out are shown in Table IX. They demonstrate 
clearly that in the presence of sucrose and NaCl combination between PVM 
and RBC occurs, while in the presence of sucrose alone dissociation of the 
complex results. This cycle can be repeated at will by appropriate regulation 
of the NaCl concentration and the pH of the mixture. These results indicate 
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that PVM, unlike the influenza group of viruses (6), does not inactivate or 
destroy the “receptor” of erythrocytes, and repeated cycles of combination 
and dissociation can occur without causing demonstrable alteration of the 
combining capacity of either the virus or the RBC. 

The Eject of Low Electrolyte Concentration upon Hemagglutination with In- 
fluenza Viruses. — It was reported recently (14) that the concentration of NaCl 
markedly affects the hemagglutination reaction between the PR8 strain and 
human erythrocytes. In the present study preliminary observations demon- 
strated that, whereas hemagglutination with PVM and mouse RBC could be 
completely inhibited at electrolyte concentrations of 0.01 h or less, to achieve 
the same result with influenza viruses and chicken RBC it was necessary to 
reduce the electrolyte concentration to 0.001 ii. This finding raised two 

TABLE IX 


Sequential Cycles of Combination and Dissociation betaeen PVM and Mouse Eryihocytcs 


Step No. 

PVM saspecsion in 0.25 if mcrose 

Treatment of sedimented RBC 

Heinng- 
g^utinatxca 
titer of 

Resus- 
pended in 
sucrose* 

NaCl 

added 

2.000 

rape mate 
n. 

mouse RBC 



u 

if 

nin. 


i 

Supemate 

0 

0 

0 

256 

2 

" + RBC 

tt 

0.15 

5 

0 

3 

Resuspended sediment from No. 2 

0.25 

0 

tt 

256 

4 

tt It It It It 

(( 

0.15 

tt 

0 

5 

t t tt It tt ^ 

ft 

0 

it 

256 

6 

It tt tt ft tt 

it 

0.15 

tt 

0 

7 

tt tt tt It ^ 

tt 

0 

n 

256 


* Buffered at pH 7.2 with 0.01 ii phosphate. 


technical difficulties. Firstly, certain lots of chicken RBC are unstable and 
spontaneously agglutinate in 0.25 m dextrose containing 0.001 it phosphate. 
However, it was found that by holding the RBC in dextrose solution overnight 
at 4°C. this undesirable effect could be eliminated. Secondly, the pH of 10 
per cent suspensions of chicken RBC in 0.001 it phosphate-buffered dextrose 
is only slightly above 6, whereas the pH of such cells in dextrose buffered with 
0.01 it phosphate is 7.2. Therefore, in order to interpret the experiments to 
be carried out, it was necessary first to study the effect of pH upon the hemag- 
glutination reaction with influenza viruses and chicken RBC. It was readily 
demonstrated that in saline, buffered at pH 6, 7, and 8, respectively, with 
phosphate buffer (0.1 ionic strength) the hemagglutination titer and the rate 
oi elution of virus were not appreciably affected. In order to determine the 
effect of electrolyte concentration upon the hemagglutination titer of influenza 
v nus, the following experiment was performed. 
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Pools of infected allantoic fluid were dialyzed at 4°C. against large volumes of water buf- 
fered at pH 7.2 with 0.001 u phosphate. Serial twofold dilutions were made in 0.25 m dextrose 
similarly buffered. To each dilution was added an equal volume of a 1 per cent suspension of 
chicken RBC in 0.25 m dextrose containing 0.001 M phosphate. Simultaneously, aliquots of 
the dialyzed virus preparations were titered in saline in the usual manner. 

The results of typical experiments are recorded in Table X. It will be noted 
that in each instance hemagglutination was completely suppressed in solutions 
of low electrolyte concentration. That this result was not due to an irreversible 
effect of the dextrose solution upon either the virus or the RBC was readily 
established. When the NaCl concentration of the virus and RBC suspension 
in dextrose was raised to 0.15 M, the hemagglutination titer of the virus was 

TABLE X 


The Effect of Varioits Electrolytes upon the Hemagglutination Titer of Influenza Viruses 


Virus dilutions and 
RBC prepared in 
solutions of* 

Concentration 

Hemagglutination titer v i. chicken RBC 

PR8 

fju 

Lee 

B1103 

Dextrose 

if 

0.25 

0 

0 

0 

0 

Sucrose 

tt 

tt 

tt 

tt 

u 

NaCl 

0.15 

4096 

512 

2048 

1024 

KC1 

tt 

2048 

tt 

(1 

tt 

MgClj 

tt 

1024 

128 

1024 

2048 

LiNOj 

tt 

tt 

512 

“ 

tt 

Na.HPOr 

tt 

512 

256 

4096 

tt 

NaIi : PO, 

tt 

1024 

4 

4 

0 

Na-SOr 

tt 

tt 

256 

2048 

2048 


* Each solution contained 0.001 is phosphate. 


undiminished, and both adsorption and elution of the virus occurred in the 
usual manner. These experiments demonstrate that hemagglutination with 
influenza viruses, like that with PVM, can be completely inhibited if the 
electrolyte concentration is sufficiently low. 

The Effect of Various Electrolytes upon Hemagglutination with Influenza 
Viruses. — Because hemagglutination with influenza viruses was completely 
inhibited if the electrolyte concentration was held at 0.001 M but was demon- 
strable in unaltered degree upon the addition of 0.15 M NaCl, it was of interest 
to determine the effect of various other electrolytes upon the reaction. 

Pools of infected allantoic fluid were dialyzed against water buffered at pH 7.2 with 0.001 m 
phosphate. Serial twofold dilutions were made in a solution of the desired electrolyte at 0.15 
M and 0.001 m phosphate. To each dilution was added an equal volume of chicken RBC sus- 
pended in a solution of corresponding composition. The hemagglutination titers were then 
determined. Spontaneous agglutination of RBC in the solutions used was not observed. 
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The results of these experiments, as shown in Table X, demonstrate that, 
as in the case of PVM, hemagglutination with influenza viruses is not dependent 
upon the presence of any single ion or ion pair investigated but is a function 
of the electrolyte concentration. No detailed investigation of the variability 
shown in the hemagglutination titer in various electrolytes was undertaken. 
The unusually low titer of the Lee, FM1, and B1103 strains in 0.15 n NaHsPCL 
is attributable to the fact that the hemagglutination titer of each of these 
strains was greatly diminished at pH 5.0, and the pH of the NaHePCL solution 
employed was 4.7. 

The Effect of Low Electrolyte Concentration upon Combination between Influenza 
Viruses and RBC. — It was important to determine whether the results described 
above were due to a failure of the virus to combine with erythrocytes, or to a 
failure of erythrocytes which had combined with virus to agglutinate. 

Infected allantoic fluids were dialyzed at 4°C. against distilled water buffered at pH 7.2 
with 0.001 ii phosphate. Dextrose was added to a concentration of 0.25 if. Packed RBC, 
washed in 0.25 m dextrose containing 0.001 si phosphate, were added to yield a 5 per cent sus- 
pension. The mixtures were held at room temperature and at intervals aliquots were removed, 
centrifuged, and the hemagglutination titer of the supemate measured. As a control, 0.15 si 
NaCl and sufficient RBC to yield a 5 per cent suspension were added to an aliquot of dialyzed 
virus. 

The results of a typical experiment are recorded in Table XI. At 10 minutes 
all of the virus present in the control mixture had combined with the erythro- 
cytes. In contrast, in dextrose solution, there was no significant reduction in 
the hemagglutination titer of aliquots removed at the indicated intervals. 
Similar experiments with dialyzed allantoic fluid infected with the PRS strain 
gave identical results. Because the virus concentration was measured in 
twofold dilution series, as much as 50 per cent of the virus could have combined 
with the RBC without causing more than a one tube reduction in titer. In 
addition, it should be emphasized that the two reactions, i.e. combination and 
elution, occur simultaneously and at different rates. 

In order to estimate more precisely the amount of virus which might have 
combined with chicken erythrocytes in dextrose, the following experiment was 
performed. 

To a Lee virus preparation which had been dialyzed, as described above, was added dex- 
trose to 0.25 M. Packed RBC, washed in buffered 0.25 u dextrose, were added to yield a 5 
per cent suspension. The mixture was held at room temperature and at intervals of 10, 30, 
60, and 120 minutes aliquots were removed and the RBC sedimented. The sediments were 
washed twice in dextrose and resuspended to volume in saline. The resuspended RBC were 
held at room temperature for 2 hours to allow dissocation of the virus to occur. The RBC 
were again sedimented and the hemagglutination titers of the supemates determined. 

It was found that approximate!}' 10 per cent of the virus originally present 
in the dextrose suspension was recovered from the RBC by spontaneous dis- 
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sociation in saline at each of the time intervals tested. Therefore, it appears 
evident that at low electrolyte concentrations influenza virus combines with 
erythrocytes in greatly diminished amount. 

The effect of electrolyte concentration upon combination between RBC and 
influenza virus which had been treated so as to eliminate the phenomenon of 
elution (15) also was investigated. 

Allantoic fluid, infected with the Lee strain, was heated at 56°C. for 30 minutes. The 
preparation then was dialyzed as in previous experiments. Dextrose was added to 0.25 u. 

TABLE XI 


The Effect of Non-El cdrolyU Solutions on Combination between Influenza Virus and 

Chicken RBC 


Mixture 

Treatment of mixture 

Hemag^lutina- 

Virus dialyzed vs, 
phosphate 0.001 at 

Chicken 

RBC 

Diluent 

Held at 
room tem- 
perature for 

2,000 

K.P.U. 

supernate 

vs. 

chicken RBC 


ter cent 


fKIrt. 

mitt. 


Lee 

0 

NaCl 0.15 M 

0 

0 

512 

it 

5 

II II II 

10 

5 

0 

it 

II 

Dextrose 0.25 M, phos- 

II 

it 

512 

it 

it 

phatc 0.001 it 

II II 

30 

ii 

256 

it 

tt 

II II 

60 

tt 

512 

it 

it 

II II 

120 

tt 

II 

Lee heated* 

0 

II II 

0 

0 

256 

it tt 

5t 

it II 

10 

5 

128 

tt II 

II 

II II 

30 

a 

II 

<1 II 

II 

II If 

60 

ii 

II 

II II 

it 

NaCl added to 0.15 M 

60 + 10 

<i 

0 


* 56°C. for 30 minutes after dialysis, 
t Dialyzed vs. 0.25 M dextrose containing 0.001 M phosphate. 


In order to maintain the pH as dose to physiological limits as possible, chicken RBC were 
dialyzed at 4r°C. against large volumes of 0.25 M dextrose buffered at pH 7.2 with 0.001 M 
phosphate. The pH of the resultant suspension was 6.8. The dialyzed RBC were then added 
to the virus preparation to yield a 5 per cent suspension. The mixture was held at room tem- 
perature and at intervals aliquots were removed, centrifuged, and the hemagglutination titer 
of the supernate measured. After 60 minutes NaCl was added to 0.15 m and the concentration 
of uncombined virus in the supernate measured after an additional 10 minutes. 

The results of a typical experiment are shown in Table XI. It will be seen 
that influenza virus treated so as to eliminate elution also combined in greatly 
diminished amounts with chicken RBC at low electrolyte concentration. 
However, prompt combination resulted when 0.15 m NaCl was added to the 
mixture. 
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Influenza Virus-Erylhrocyle Dissociation in Non-EIectrolyle Solutions . — The 
effect of isotonic non-electrolyte solutions upon spontaneous dissociation of 
influenza virus from erythrocytes vras determined. In two recent papers (14, 
16) certain effects of various electrolytes and of electrolyte concentration 
upon the elution of influenza viruses from human RBC were reported. 

To pools of allantoic fluid infected with the Lee strain were added RBC in buffered saline 
to yield a 5 per cent suspension. After 5 minutes the suspensions were centrifuged and the 
cells washed in unbuffered 0.25 n dextrose. One aliquot was resuspended to volume in a solu- 
tion containing 0.15 it NaCl, 0.25 n dextrose, and 0.001 it phosphate. The other was resus- 


TABLE Xn 

The Effect of Low Electrolyte Concentration upon Dissociation of Influence Virus from 

Chicken RBC 


Mixture 

Treatment of sediment 

Hemagglutina- 
tion titer of 
supemate 
r s. 

chicken RBC 

Virus strain 

Chicken RBC 

Resuspended in 

Held at room 
temperature for | 

j 2,000 r.pxr. 


per cent 

u 

min. 

min. i 


Lee 

5 

0.15 NaCl 

0.25 dextrose 

15 

5 | 

64 

*f 

it 

0.001 phosphate 

Cf ft 

45 

ic 

12S 

ft 

if 

tt If 

90 

tt 

256 

ft 

if 

“ If 

120 

it 

ff 

tt 

ii 

0.25 dextrose 

15 

fc 

16 

tt 

ii 

0.001 phosphate 

ff ff 

45 

it 

32 

tl 

if 

ff ff 

90 , 

a 

61 

tt 

if 

ff tt 

120 

if 

f f 

ff 

0 

0 

0 

0 

512 


pended to volume in 0.25 m dextrose containing 0.001 x: phosphate. At intervals samples 
were withdrawn and after centrifugation the hemagglutination titer of the supemates was 
determined. 


The results of typical experiments are presented in Table XII. It was 
found that, unlike PVM, influenza virus did not rapidly dissociate from erythro- 
cytes upon reduction of the electrolyte concentration of the suspension. On 
the contrary the rate of spontaneous dissociation was considerably retarded at 
low salt concentrations. The results of similar experiments with the B1103 
strain were identical. It is of interest that high salt concentrations have been 
found to increase the elution rate (17). A comparable reduction in the rate 
of elution of the Lee strain from human RBC in low electrolyte concentration 
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was also demonstrated. In order to determine whether or not the different 
effects of low electrolyte concentrations upon PVM- and influenza virus-RBC 
combinations were due to a difference in the properties of the virus strains or 
species of erythrocytes employed in these experiments, attempts were made to 
induce rapid dissociation at low electrolyte concentrations with PRS-chicken 
and human RBC combinations. In addition, the effect of low electrolyte 
concentrations upon combinations between human, chicken, and mouse RBC 
with Lee virus, heated at 56°C. for 30 minutes, was investigated. In each 
instance rapid dissociation comparable to that obtained with PVM-mouse 
RBC combinations, was not demonstrated. Moreover, with heated Lee 
virus low electrolyte concentrations caused no dissociation even though the 
mixture was held for 2 hours at room temperature. These findings support 
the concept that the marked differences in the reactions of PVM and influenza 

TABLE XHI 


The Relationship between Influenza. Virus Concentration, Electrolyte Concentration, 

and Ecmastflutinntion 


Hcmanglutina- 
ting units added 

Electrolyte concentration, .v 

O.Ufi 

0.073 

0.037 

0.019 

0.010 

0.005 

0.003 

0.002 

0.0013 

0.0012 

8 

4* 

3 

3 

1 

± 

0 

0 

0 

0 

0 

32 

4 

3 

3 

3 

3 

3 

2 

0 

0 

0 

128 

4 

4 

3 

3 

3 

3 

3 

3 

2 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 


* Degree of hemagglutination. 


viruses with erythrocytes at low electrolyte concentrations are attributable to 
fundamental differences in the viruses themselves. 

Relationship between Concentrations of Influenza Viruses and Electrolytes and 
Combination with RBC . — In order to assess the effects of varying the concentra- 
tion of both influenza viruses and electrolytes relative to each other upon 
combination with RBC, the following experiment was performed. 

Replicate serial twofold diluU'ons of a 1.2 il solution of NaCl were made and to cadi dilution 
series was added cither 8, 32, or 128 liemagglutinating units of dialyzed Lee virus. Chicken 
RBC were then added to give 0.5 per cent suspensions. The RBC and virus suspensions, as 
well as the NaCl dilutions, were prepared in 0.25 u dextrose containing 0.001 xi phosphate. 
After 1 hour the degree of hemagglutination in each mixture was recorded. 

The results of a typical experiment are shown in Table XIII. It will be 
noted that, as indicated by the absence of hemagglutination, the electrolyte 
concentration at which influenza virus-RBC combination was inhibited was 
inversely related to the amount of virus present in the mixture. Similar 
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experiments were carried out with the PR8 and B1103 strains and in both 
instances an identical relationship was found. In experiments of this type 
with PVM the effect of virus concentration was much less stri k ing. Whereas 
with influenza viruses a fourfold increase in the amount of virus allowed ap- 
proximately a fourfold decrease in the electrolyte concentration, with PVM a 
32-fold increase in the amount of virus permitted only about a twofold decrease 
in electrolyte concentration. It seems probable that the inverse relationship 
between virus and electrolyte concentration can be attributed to the effects of 
these variables upon the combination equilibrium with erythrocytes. How- 
ever, it is possible that it reflects an inhomogeneity in the virus population 
itself. Recent evidence (17) suggests that such an inhomogeneity in one 
property of influenza virus particles may exist. 

DISCUSSION 

Combination between viruses and host cell components is a well known 
phenomenon (18) which has been studied by numerous investigators. It is 
well established that such combinations occur with bacterial (19), plant (20), 
and animal viruses (3, 21). One example of combination between certain 
animal viruses and host cells is provided by the hemagglutination reaction 
which during recent years has received intensive study (1, 6, 22-26). 

That variation of electrolyte concentration causes striking effects upon the 
reactions between pneumotropic viruses and cell components appears evident 
from the results of this study. In earlier studies (14, 16) the effects of electro- 
lytes on reactions between influenza viruses and human erythrocytes were 
reported. Under conditions of constant osmotic pressure, not only is hemag- 
glutination with either PVM or the influenza viruses completely inhibited at 
low electrolyte concentration, but also adsorption of the viruses on erythrocytes 
is greatly diminished. Of more interest is the fact that dissociation of PVM 
from combination with either lung particles or erythrocytes is brought about 
at low electrolyte concentration (i.e., 0.01 m). This occurs with infectious 
virus and also with virus which has been heated at 70°C. It is apparent, 
therefore, that in the case of PVM dissociation is not dependent upon the 
integrity of heat-labile components of the virus. In contrast, dissociation of 
influenza virus from erythrocytes is adversely affected even by very low con- 
centrations of electrolytes (i.e., 0.001 m); with infectious virus the rate of 
elution is definitely decreased; with virus heated at 56°C. no dissociation occurs. 
Because of this it seems probable that the forces which hold PVM in combina- 
tion with cell components are different from those responsible for combination 
between influenza virus and cell components and it is evident that they arc 
oppositely influenced by alterations in electrolyte concentration. 

It should be emphasized that heretofore it has not been possible to cause 
dissociation of cither PVM-lung particle or PVM -erythrocyte combinations 
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by any procedure other than those which both inactivate the virus and ir- 
reversibly alter the combining component (5). As a consequence, it was not 
possible previously to determine whether PVM shares with influenza and certain 
other viruses the peculiar capacity to alter the components with which it com- 
bines. That PVM does not alter the combining component of erythrocytes 
seems apparent from the results obtained. Free infectious virus can be caused 
to combine with and dissociate from erythrocytes repeatedly without meas- 
urably affecting their combining capacity. Thus, it appears that the enzyme- 
like activity of influenza viruses (6) finds no counterpart in the activities of 
PVM. 

In this connection it seems pertinent to point out that in nature PVM is a 
latent agent which, it appears, does not induce manifest disease unless the 
equilibrium between virus and host is upset by experimental manipulation 
(27). It may be that the capacity of the agent to remain latent and to induce 
only inapparent infection under normal environmental conditions is related to 
the fact that the virus is incapable of dissociating spontaneously from combina- 
tion with cell components. It seems evident that an agent which could not 
readily become separated from an intact cell might find difficulty in migrating 
to and initiating infection of another cell. The fact that uncombined PVM 
can be obtained from the intact lungs of experimentally infected animals (4, 
5) is not evidence against this hypothesis. Not only does manifest infection 
with the virus lead to necrosis of lung tissue cells which undoubtedly results 
in the release of intracellular enzymes, but also the combining component of 
such cells is more readily destroyed by proteolytic enzymes than is the virus 
(4). Under these circumstances it would be expected that some free virus 
could be demonstrated in heavily infected intact lungs. 

Both in the case of PVM (5) and the influenza viruses (28, 29) it appears 
that hemagglutination titrations provide a measure of the concentration of 
free or uncombined virus but give no direct indication of the amount of com- 
bined virus which may be present. In both instances also the hemagglutina- 
tion reaction may be markedly affected by the composition of the medium in 
which it occurs. As regards the effect of low electrolyte concentrations, the 
combining reactions of PVM are approximately 10 times more sensitive than 
are those of the influenza viruses. 

It is obvious that the low electrolyte concentrations which are required to 
cause inhibition of the reactions between the viruses and cell components 
under study are far outside of the physiological range and undoubtedly would 
not be encountered in living tissues. Nevertheless, by exceeding physiological 
limits, it has been possible to learn more of the factors which are operative 
in the physiological range. The results obtained suggest that the attractive 
forces which cause either PVM or influenza viruses to combine with particular 
cell components are highly active at physiological concentrations of electrolytes. 
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Moreover, they suggest that in the case of PVM such forces appear to he 
ionic in nature inasmuch as it is evident that they depend upon the ionic 
concentration and the pH. The findings are consistent with the supposition 
that the PVM-ceU component complex is of the nature of a weak salt. 

smaiARY 

Combination between PVM and erythrocytes as well as between the in- 
fluenza viruses and erythrocytes is inhibited at low electrolyte concentrations. 
Combination between PVM and lung particles as well as between the virus 
and erythrocytes can be dissociated in solutions of low electrolyte concentra- 
tion. The rate of elution of influenza virus is decreased under similar condi- 
tions. PVM can combine with and be dissociated from erythrocytes repeatedly 
without affecting the combining capacity of the cells and does not possess an 
enzyme-like activity similar to that of the influenza viruses. Because dis- 
sociation depends on electrolyte concentration and pH, it appears that the 

PVM-cell component complex may be in the nature of a weak salt. 

✓ 
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THE SUSCEPTIBILITY OF THE HAMSTER TO MOUSE 
ENCEPHALOMYELITIS VIRUS 
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Only the mouse has been shown to be susceptible to the original (1) strains 
of mouse encephalomyelitis. The FA and GDVII (2) strains have a wider 
host range although they, too, have been found to occur naturally only in the 
mouse. When they have been detected in other species the circumstances 
suggested infection from mice (3). In our experience virus has never been 
recovered from normal hamsters nor has hamster serum reacted with Theiler 
viruses. Indeed it is frequently used in this laboratory as a negative control. 
On the other hand, in experiments reported some years ago (4) indirect evi- 
dence was secured of infection of hamsters without manifest signs and this 
has now been investigated. It has been learned that unmodified strains do 
cause inapparent infections and that strains experimentally manipulated may 
become fully pathogenic, capable of inducing both paralysis and encephalitis. 

EXPERIMENTAL 

Methods. — The virus used in the present experiments, strain 4727, was isolated from the 
intestinal contents of a mouse from the laboratory-bred colony in 1945 and has been exten- 
sively used in mouse experiments. There has been no change in the signs of infection it 
induces, -which are those Theiler originally described (1), although the mouse infcctivity 
titer has increased. The estimated median effective dose of mouse brain is now approxi- 
mately 10-5. A stock 5 per cent mouse brain suspension of virus in 0.85 per cent salt solu- 
tion containing 10 per cent beef infusion broth has been employed in neutralization tests, the 
suspensions being customarily stored at —70 = C. until used. All the suspensions have been 
cultured aerobically by streaking blood-agar plates. The neutralization tests hare been 
performed by mixing equal parts of twofold dilutions of the virus and serum and incubating 
the mixtures for 3 hours at room temperature. The inoculations have been intracerebral. 
The use of twofold dilutions and the moving averages method (5) for estimating the median 
elective dose have been used to analyze the results of tests. 

The hamsters ( Mcsocriccttis onrealus) were from the laboratory colony. The mice were 
albinos of the Albany standard strain. The hamsters were observed for 50 days, the mice 
for 35 days except for neutralization and titration tests for which 2S and 21 day periods have 
adopted. 

Survival of Vims in Stickling Hamsters. — The initial experiments were made 
to determine whether virus survives in the brains of immature hamsters inocu- 
Eted intracerebral]}* (Table I). Two litters were used, one 4 and the other 9 
days old. Each animal was inoculated with a 20 per cent suspension of mouse 

MS 
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brain virus. Thereafter, at intervals of 2 or more days, a single hamster was 
killed and its brain removed and tested for the presence of virus by the in- 
oculation of 10 to 12 gm. mice. The first litter was sampled on five occasions 
between the 3rd and 14th days. Virus was present up to and including the 
10th day. The second litter was sampled from the 3rd to the 30th days and 
virus found as late as the 14th day. None of the hamsters exhibited any 
signs of illness. 

Serial Passage in Hamsters . — The next experiment was planned to deter- 
mine whether the pathogenicity of the virus could be increased by serial, 
blind passages in suckling hamsters (6). Animals were inoculated as before, 
sacrificing each generation, one or more litters, on the 4th or 5th day. Parts 
of the brain and cord were preserved for histologic examination; the remainder 

TABLE I 


Survival of Virus and Occurrence of Lesions in Suckling Eamslcrs Inoculated with Mouse 

Encephalomyelitis Virus 



I Response of test mice 


Days 



Lesions of CNS of hamsters 

Litter 1 

Litter 2 

3 

9/10 

10/10 

None 

5 

9/9 

11/11 

Acute encephalomyelitis 

7 

10/10 

10/10 ' 

None 

10 

8/10 

1/8 

Scanty meningitis 

14 


2/8 

Scanty meningitis 

22 


0/9 

None 

30 


0/10 

Scanty meningitis 


The denominator indicates the number of mice inoculated with hamster brain suspensions, 
the numerator, the number paralyzed or dead. 


was suspended in four parts of broth-saline and inoculated into the next genera- 
tion of hamsters. Each inoculum was also tested in groups of young mice. 
Nine passages were made. In none of the 103 hamsters was paralysis seen. 
Virus was present throughout five generations. All the test mice inoculated 
with hamster brain of the first four generations were paralyzed. Brains of 
the last four generations induced paralysis in but one of the forty test mice. 
The progressive loss of infectivity was paralleled by the disappearance of 
lesions which were present in the second and third generations but not after 
the fifth passage (Table II). 

These results confirmed the previous experiment and supplemented it by 
showing that strain 4727 was capable of causing lesions in suckling hamsters. 
The method failed to adapt the virus to hamsters possibly because infectivity 
titer was not maintained. 

Alternate Hamster-Mouse Passage . — Since preliminary experiments had 
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indicated that infectivity of the hamster passage virus for mice could be main- 
tained by alternating the species we next undertook to alternate mouse and 
hamster passage, testing for the presence of -virus and lesions as before. 

The hamsters were litters between 4 and 11 days of age and the mice, usually ten in num- 
ber, were 10 to 12 gm. albinos of the Albany standard strain. Tbe inoculum was uniformly 
0.03 ml. of a 20 per cent brain suspension. Some of the suspensions were prepared and in- 
jected immediately upon harvesting the brains and others after storage in 50 per cent glvccroL 
The hamsters were sacrificed 5 to 7 days following inoculation during the first three genera- 
tions and when paralyzed in the subsequent generations. The mouse brains were harvested 
from the first mice of each group to succumb. 

TABLE n 


Blind Passage of Encephalomyelitis Virus in Immature Hamsters 


Passage 

Response of 
hamsters 

Mouse infectivi- 
ty of hamster 
brains 

Lesions in hamsters 

CNS 

Spies! muscles 

i 

0/15 

9/9 

Acute encephalomyelitis 


2 

• 0/15 

11/11 

Acute encephalomyelitis 

M 

3 

0/6 



None 

+ 

4 

0/14 

9/9 

Scanty meningitis 


5 

0/12 

3/9 

None 

4* 

6 

0/17 

0/10 

None 


7 

0/10 

1/10 

None 


8 

0/14 

0/10 

None 


9 

— 

0/10 

None 



The denominator indicates the number of hamsters or mice inoculated, the numerator, 
the number paralyzed or dead. 


All the mice became paralyzed. The uniformly high infectivity of the 
hamster brains was verified by titrations in mice (Table III). No signs of 
infection were observed in the first two hamster generations but the third 
passage seemed to introduce a change. One of the two litters that had been 
inoculated grew poorly' and a number of the animals died. The brain chosen 
for passage proved to have a slightly lower mouse titer but six of eight immature 
hamsters inoculated with it nevertheless became paralyzed. This was the 
first appearance of paralysis. It occurred regularly in each of the six subse- 
quent generations. In the fifth and sixth hamster passages, all the animals 
exhibited symptoms of encephalitis as well. This appeared on the 5th post- 
mjcction day and was followed in a third of the animals by paralysis. The 
non-paralyzed survivors were stunted. 

Thus there were two obvious reasons for suspecting that the virus had been 
modified, the development of paralysis and subsequently and independently 
! ^ e a Ppearance of encephalitis. Further evidence of alteration was secured 
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- Fig. 1. Modification of mouse encephalomyelitis virus by alternating mouse-hamster 
passages. The numerators show the number of test hamsters that were paralyzed. The 
empty circles indicate silent infection. Note the rapid loss of pathogenicity following serial 
hamster transfers and its restoration by a single mouse passage. Note also the persistence 
of mouse infcctivity throughout nine serial hamster passages. 

by serially transferring the virus in hamsters. Whereas the original strain 
died out after four or five hamster transfers the modified virus persisted in- 
definitely. Fig. 1 illustrates some of the tests, including the successful trans- 
mission of the agent through nine hamster transfers. It may be noted that 
six of these were without signs of disease but that paralysis w T as again induced 
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by a single mouse passage. The restoration of pathogenicity by a single 
mouse passage occurred whenever tried, on all of four different occasions. 

Table IH lists the results of tests for infectivity titer of mouse and hamster 
brain suspensions from various stages of the experiment. Infectivity for mice 
remained high throughout five serial hamster passages. Brains of the test 
mice of the fifth hamster generation induced paralysis in four of fourteen 
young hamsters. The sixth serial passage in hamsters, completely without 

TABLE m 

Uouse-Infectivily Tiler of Strain 4727 before and after House Passage, Alternating House- 
Hamster, and Serial Hamster Passages 


Hamster brain dilations tested 



O 

s 

1/2000 

0001 -/I 

1/8000 

1/16,000 

1/12,000 

1/61,000 

1/128,000 

1/256,000 

1/512,000 

1/1,024,000 

n (109’ 

At beginning of 
experiment 

12/12 

10/12 

9/12 

12/12 

6/12 

9/12 

4/12 





2.9 

After 5 mouse 
passages 

8/8 

8/8 

8/8 

7/8 

7/8 

8/8 

8/8 

8/8 

3/8 

2/8 


0.4 

After 9 mouse 
passages 

8/8 

8/8 

8/8 

7/8 

7/8 

3/8 

6/8 

4/8 

1/8 

0/8 

2/8 

1.1 

After 4 hamster 
mouse passages.. 

6/6 

6/6 

6/6 

5/6 

4/6 

6/6 

6/6 

4/6 

2/6 



0.5 

After 9 hamster 
mouse passages.. 

6/8 

6/8 

7/8 

4/8 

0/8 

2/8 

1/8 

1/S 

3/8 

0/8 


14.01 

After 5 hamster 
passages of the 
hamster-adapted 
strain 

8/8 

5/8 

3/8 

4/8 

1/8 

1/8 

0/8 

0/8 




25.0 















The denominator indicates the number of test mice inoculated with the particular dilution, 
the numerator, the number paralyzed or dead. 

* Median effective dose (5). 


signs of disease, nevertheless induced a sharp antibody response (Table TV), 
the serum activity equalling that seen in mice hyperimmunized with encephalo- 
myelitis virus. 

It was thus evident that alternate mouse-hamster passages had modified 
the virus of mouse encephalomyelitis. The modified virus differed from the 
Pnrcnt virus in its pathogenicity for the hamster, a greater ability to maintain 
!tself throughout serial hamster transfers, and a kind of residual pathogenicity 
v ’hich could be activated by a single mouse passage. 

Signs of Encephalitis in Hamsters . — In our experience with the OT strain 
mouse encephalomyelitis, encephalitic signs have been rarely seen. With 
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strain 4727, mice develop only flaccid paralysis, usually of the hind legs. The 
shortest incubation period is 6, rarely 5, days with additional animals becoming 
paralyzed in subsequent weeks. The longest incubation period we have 
observed was 44 days. 

A comparison was made of the incubation periods in 114 paralyzed mice and 
38 paralyzed hamsters inoculated with the suspensions used in the alternating 
hamster-mouse passages (Fig. 2). The incubation period of the mice varied 

TABLE IV 


Dreelopmcnt oj Serum Antibodies in Hamsters Inoculated with Hamster-Adapted Mouse 
Encephalomyelitis Virus without Obvious Response 


Serum 

Response of tost mice to indicated vims dilutions plus serum or 
broth salt 

tt(10') 

o 

«o 

g 

s 

1/1000 

1/2000 

1/4000 

0008/1 


ef 

s 

0 

1 

1/123,000 

O 

M 

fN 

Sera of inoculated hamsters 

■ 








■ 




(30 days)* 

■ 


3/8 

5/8 

3/8 

2/S 

l/S 

i/s 

E 

n 



Sera of normal hamsters — 

■ 


8/8 

8/8 

7/8 

4/8 

6/8 

3/S 

E 

■ 


5.3 

Broth salt 

1 


8/8 

7/8 

6/8 

6/8 

5/8 

2/S 

1/8 



5.5 

Sera of inoculated hamsters 













(30 days)! 

S/S 

7/8 

4/S 

2/8 

3/S 

0/8 

ESI 

0/8 

0/8 

0/8 

— 

84.14 

Convalescent hamster sera 













(30 days) § 

7/8 

3/8 

2/7 

1/8 

4/8 

2/8 

0/8 

El 

ESI 

0/8 

— 

193.2 

Normal hamster sera 

— 

S/S 

7/7 

6/8 

6/S 

3/S 

2/7 

H 

o/s 

1/S 

— 

14.26 

Broth salt 

— 

— 

8/8 

4/S 

4/8 

5/S| 3/8 

2/8 

1/8 

0/8 

1/S 

12.50 


The denominator indicates the number of hamsters or mice inoculated, the numerator the 
number paralyzed or dead. 

* The sixth serial hamster passage of modified virus. 

$ The third serial hamster passage of modified virus. 

§ The sixth alternate mouse-hamster passage of modified virus. 

front 5 to IS days with a mean of 9.1 days. The hamsters were paralyzed 
between the 5th and 9th days with a mean of 6.1 days. Of the thirty-eight 
paralyzed hamsters, twenty-eight were paralyzed in one or both hind legs and 
six in the fore legs, roughly the same as occurs in mice. 

The lesions in mice are essentially the same as those described by Olitsky 
and Schlesinger (7) but the lesions in hamsters differ greatly in degree. The 
reaction in the brain and brain stem resembles that seen in mice but the punc- 
tate, destructive lesions of the anterior horns of the spinal cords of mice have 
rarely been duplicated in hamsters despite the frank, flaccid paralysis which 
has been so common. On the other hand, changes have been regularly found 
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in the striated muscles about the vertebral column. The muscle lesions con- 
sist of hyaline degeneration shortly followed by intensive regeneration of 
young muscle cells and the appearance of endothelial phagocytes. Such 
lesions have been found in all the hamsters in which virus was demonstrated 
whether paralyzed or not, as well as in paralyzed mice. S imila r lesions have 
been noted in hamsters inoculated with MM virus and in mice infected with 
Theiler viruses by Pappenheimer (8) whose preparations we have examined. 



Fig. 2. Incubation periods of paralysis in mice (solid columns) and hamsters (shaded 
columns) inoculated with hamster-adapted mouse encephalomyelitis virus. 

TABLE V 


Neutralization of Hamster-Adapted Virus by Normal and Immunized Mouse Sera 


Scram 



Response of test mice 



n(10>) 


1/1000 

1/2000 

1/4000 

1/SOOO 

1/16,000 

'1/32,000 

1/64,000 

Normal mouse 

10/7/47 

6/8 

3/7 

1/8 

0/8 

0/8 



59.98 

GDVII mouse 

3/11/47 

5/8 

2/8 

2/8 

0/8 

0/8 

_ 


75.86 

FA mouse 

5/27/47 

4/8 

6/8 

0/8 

1/8 

0/8 





79.43 

Broth salt 

— ! 

— 

6/8 

7/8 

7/8 

2/8 

2/7 

3.5 


They are similar to those recently reported in mice inoculated with a newly 
isolated and unidentified agent (9). Histologic studies of the muscle lesions 
und the related nerves are underway. 

Identification of the Virus . — The strain of virus used in these experiments is 
regularly neutralized by adult mouse serum, the titer of which increases with 
the age of the animals. The hamster-passaged strain induces similar anti- 
bodies (Table V). Moreover, the behavior and anatomical response of mice 
inoculated with either the parent or hamster-passaged strain is unchanged. 
These observations lead us to believe that the virus in hamsters and mice is 
the same. 
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DISCUSSION . 

Baker has recently called attention to the ease with which certain viruses 
may be adapted to resistant hosts by alternately passing them through a 
susceptible species (10), adapting rinderpest and hog cholera to the rabbit in 
this way. Koprowski, James, and Cox have also used the method and refer 
to earlier studies (11). The present results are a further successful application 
of this principle. The principle is doubtless useful in the manipulation of 
viruses and one is tempted to speculate on its occurrence and epidemiologic 
importance in nature. 

A particularly revealing observation was made by Coffey while studying 
the characteristics of vaccinia during repeated transfers through chicken 
embryo medium (12). Coffey noted that the titer of her strain of vaccinia 
diminished rapidly during serial tissue culture transfers but could be promptly 
restored by two rabbit passages. ' Following such passages the loss of titer in 
tissue culture transfers decreased more slowly suggesting that the rabbit 
passages had altered the virus. This seems to be of the same nature as the 
changes noted in our experiments in which the adapted strain has been re- 
peatedly restored to its initial pathogenicity by a single mouse passage, that . 
pathogenicity being thereafter slowly lost by transfer in hamsters. ' 

Our results also have something in common with those of Hirst (13). Hirst 
followed the mouse pathogenicity and egg infectivity of a strain of influenza 
virus while adapting it to mouse lung. Infectivity titers were uniformly 
high throughout, but pathogenicity titers slowly increased from generation to 
generation. In the case of mouse encephalomyelitis, mouse infectivity has 
likewise been relatively constant throughout the hamster generations but 
pathogenicity developed only after several transfers. Hirst suggested that 
several generations were necessary for the adapted, pathogenic strain to out- 
grow the parent, non-pathogenic strain. 

Reference should also be made to the studies of Jungeblut, Feiner, and 
Sanders (14) who worked with Columbia SK virus. The adaptation of this 
agent to mice was effected through blind cotton rat passages. Its further 
adaptation to guinea pigs appeared to depend on the mouse passages used for 
transfer. Thus the third to twelfth mouse generations were not infective for 
guinea pigs while the seventieth to 162d generations were. This pattern was 
repeated in later generations and suggested fluctuations in the virulence of 
the agent so far as guinea pigs were concerned. Whether cyclic variations 
played a part in our experiments cannot be determined. 

It is also of interest that hamster-adapted OT mouse encephalomyelitis 
virus is capable of inducing encephalitic signs which are rarely seen in mice 
inoculated with the OT type of virus but are so characteristic of the FA strain. 
The results suggest that the capacity to induce flaccid paralysis and encephalitis 
is inherent in both strains, and that these signs represent rather superficial 
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differences. Our experience with MM virus in hamsters supports this view 
since central nervous system inoculations of MM virus characteristically 
induce encephalitis, while the same suspensions cause flaccid paralysis if 
given intraperitoneally (4) or by gastric intubation. 

Sanders observed (15) a change in the Lansing strain of poliomyelitis virus 
after repeated hamster passages. The titer of the virus rose rapidly when the 
agent was transferred to suckling hamsters. Adult and infant hamster strains 
were identical but were not neutralized by pooled human sera and were but 
irregularly neutralized by convalescent poliomyelitis monkey serum, all of 
which did neutralize the original mouse-adapted virus. It appeared “not 
impossible that our hamster virus represents a poliomyelitis-like agent of 
hamsters.” The possibility cannot be dismissed. It seems an unlikely ex- 
planation of our own results since our hamster colony has been so carefully 
watched and tested for latent infections of this kind and because the virus did 
not change its behavior in the mouse. The neutralization tests are unfortu- 
nately incapable of distinguishing between the OT and FA strains. Sanders’ 
results may possibly be explained as a change in antigenic pattern comparable 
to those produced by Hirst in influenza viruses. Whether such changes occur 
in mouse encephalomyelitis viruses is not known but relationship between 
them and poliomyelitis virus has been reported (16). 

The short incubation period in hamsters may be due to species or to a differ- 
ence in the immune status of the host, since the Albany mice are almost uni- 
formly infected with the OT strain of encephalomyelitis "virus and develop 
humoral antibodies while laboratory-bred hamsters are uninfected. If this is 
the correct explanation, the observations would be comparable to those of 
Schaeffer and Muckenfuss (17) who observed a prolongation of the incubation 
period in monkey poliomyelitis when the virus was mixed with immune serum. 
The mean incubation period following inoculation with virus-non-immune- 
serum mixtures was 8.3 days and with virus- imm une-serum mixtures, 14.3 days. 

CONCLUSIONS 

The OT strain of mouse encephalomyelitis virus induces an inapparent 
Section in suckling hamsters associated with lesions of the central nervous 
system and skeletal muscles. The virus increases in pathogenicity after 
alternating mouse-hamster transfers and then induces both paralysis and 
encephalitis. Pathogenicity is lost through serial hamster passages but is 
restored by a single mouse transfer. 
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